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' Results  of  aeronautical  LTrand  multipath  channel  characterization  tests  are  given.  All  tests  were  conducted 
between  September  1974  and  April  1975  as  part  of  the  U.S.  DOT  aeronautical  technology  test  program.  These 
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by  the  ATS-6  satellite  for  reception  by  the  satellite  aeronautical  channel  prober  (SACP)  receiver  located  at  the 
NASA/Rosman  ground  station. 

Both  oceanic  and  overland  multipath  data  are  analyzed  to  provide  delayT)oppler  characterizations  of  the 
channel.  Specific  analysis  outputs  presented  include  the  delay-Doppler  scatter  function,  delay  spectra,  Doppler 
spectra,  frequency  and  time  autocorrelation  functions,  spread  parameter  measures,  total  scattered  intensity 
and  limCHlomain  statistics.  Oceanic  results  are  compared  to  expectation  through  the  use  of  physical  optics  vurfaei 
integration  vector  scatter  model.  Results  are  presented  for  a variety  of  aircraft/satellite  geometries,  signal 
polari/alion.s,  and  terrain  stales. 

The  report  consists  of  seven  volumes:  I - F.xecutive  Summary;  II  - Demonstration  of  ateIlite.Supported 
Communications  and  Surveillance  for  Oceanic  Air  Traffic  Control;  III  - Summary  of  U.S.  Aeronautical 
Technology  Test  Programs;  IV  - Data  Reduction  and  Analysis  Software;  V - Multipath  Channel  Characterization 
Test;  VI  - Modem  F.valuation  Test;  VII  - Aircraft  Antenna  Evaluation  Test. 
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fDOT)ueronautical  test  program  entitled 

Air  Traltic  Control  Experimentation  and  Evaluation  Using  the  NASA  ATS-6  Satellite”  was 
part  of  the  Integrated  ATS-6  L-Band  Experiment.  The  overall  ATS-6  L-band  experiment 
was  coordinated  by  the  NASA 'C,odd;u-d  Space  Flight  Center  fCJSFC)  and  was  international 
in  scope.  The  tollowing  agencies  were  participants  in  the  experiment: 


NASA/Goddard  Space  Flight  Center  (NASA/GSFC) 

DOT  Federal  Aviation  Administration  (DOT/FAA) 
DOT/Transportation  Systems  Center  (DOT./TSC) 

DOT/U.S.  Coast  Guard  (DOT'USCG) 

DOC  Maritime  Administration  (DOC/MarAd) 

European  Space  .Agency  (ESA) 

Canadian  Ministry  of  Transport  and  Department  of  Communications. 


Each  participant  performed  tests  in  one  or  more  of  three  categories:  aeronautical,  maritime 
safety,  and  maritime  licet  operations.  All  tests  were  conducted  in  accordance  with  an  over- 
all integrated  test  plan  coordinated  by  N.ASA/GSFC’. 


I he  U S.  IX)  I Aeronautical  test  program  was  under  the  direction  and  sponsorship  of  the 
Federal  Aviation  Administration.  Systems  Research  and  Development  Service  (SRDS).  Satellite 
Branch,  with  the  DOT/TSC  conducting  the  technology  tests  and  the  FAA/NAFEC  conducting  the  ATC 
demonstration  tests.  The  technology  tests  included  multipath  channel  characterization,  modem  evalua- 
tion, and  aircralt  antenna  evaluation.  Results  of  these  tests  are  presented  in  volumes  III  through  VII. 
and  the  results  ol  the  ATG  demonstration  tests  are  presented  in  volume  II.  The  DOT/TSC  test  program 
was  supported  by  the  Boeing  Commercial  Airplane  Company  under  contract  DOT-TSC-707.  Mr.  R.  G 
Bland  was  the  TSC  Project  Engineer  and  Contract  Technical  Monitor. 

This  volume  describes  the  multipath  channel  characterization  test  All  work  was 
pcriormed  under  conti  ict  DOT-TSC-707.  Sections  5.4.6.  6.5.  and  most  of  5.5.  as  well  as 

appendix  ( , were  prepared  by  CNR,  Inc.,  under  subcontract  to  the  Boeing  Commercial 
Airplane  Company. 
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I INTRODUCTION 


Tlu-  I'S  .icron.uitic;il  technology  tests  were  eoiuliicteil  by  the  U.S.  Department  ol  Transporta- 
tion'Transportation  Systems  Center  (DOT/TSC)  as  part  ot  the  Integrated  l.-Rand  Kxperiment  (rel'.  I-I ). 
The  overall  ol'ieetive  ot  these  tests  was  to  provide  data  for  the  evaluation  of  advanced  system  concepts 
and  hardware  applicable  to  the  design  of  (utiire  satellite-based  air  tralTic  control  systems. 

1 hree  types  ol  aeronautical  technology  tests  were  conducted  by  DOT/TSC: 

a.  Mullipulh  Cluiiinil  ( haratlerization:  Pseudo-noise  (PN)  code  modulated  signals  were 
transmitted  from  the  KC-135  using  several  dilTerent  antennas  and  various  polarizations. 
After  relay  by  .\TS-b.  the  signals  were  received  at  Rosman,  processed  by  the  multipath 
satellite  aeronautical  channel  prober  (SACP)  equipment,  recorded,  and  later  analyzed  to 
obtain  a characterization  of  the  multipath  channel. 

( 

b.  Mudem  I^valualion  Several  voice,  digital  data,  ranging,  and  hybrid  voice/data  modems 
were  tested  using  signals  transmitteil  from  Rosman  through  ATS-b  to  the  aircraft  Modem 
demodulator  outputs  were  recorded  onboard  the  aircraft  and  analyzed  to  determine  per- 
formance lor  various  carrier-to-noise  density  (C/N„)  and  signal-to-multipath  inlerlerence 
(S/I)  ratios.  Modem  evaluation  tests  are  described  in  volume  VI. 

c.  Anunnu  Ju  jliuilion  A cw  signal  radiated  by  Rosman  through  ATS-P  was  received  by  the 
various  aircralt  antennas  under  test.  Data  was  recorded  and  analyzed  to  evaluate  antenna 
gam  ami  multipath  rejection  as  a function  of  geometry.  The  antenna  evaluation  tests  arc- 
described  in  volume  Vll 

This  volume  describes  the  multipath  tests.  Section  2 summarizes  the  results  and  conclusions. 
Section  .3  describes  the  test  implementation,  and  section  4 provides  a summary  description  of  the  more 
If  important  data  analysis  procedures  (a  detailed  description  is  given  in  vol.  IV).  Section  5 provides 

, experimental  results  lor  the  overocean  multipath  tests  and  compares  them  with  theoretical  prediction. 

.Section  h describes  the  pliysical  optics  scatter  model  used  to  predict  the  overocean  multipath  channel 
characteristics.  Section  7 describes  results  obtained  for  CONUS  multipath  tests. 
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2.  SUMMARY  OF  RESULTS  AND  CONCLUSIONS 


Mohilc  communication  systems  such  as  those  used  by  aircraft  are  subject  to  multipath  inter- 
ference due  to  signal  rellections  from  the  earth’s  surface.  The  degree  of  system  performance  degrada- 
tion caused  hy  such  interference  depends  on  many  factors,  including  ( I ) electromagnetic  and  roughness 
parameters  of  the  scattering  surface;  (2)  relative  geometry  of  the  aircraft,  satellite,  and  scattering 
surf.ice;  (.^)  aircraft  antenna  pattern  and  signal  polarization;  and  (4)  type  of  message  and  modulation 
signal  design.  The  overall  test  objective  was  to  characterize  the  multipath  sufficiently  to  provide  the 
technical  basis  for  design  of  both  the  signal  structure  and  the  hardware  for  aeronautical  satellite 
communication  applications. 

A test  signal  for  probing  the  multipath  channel  was  formed  by  PSK  modulation  of  three  pseudo- 
noise 1 PN I codes  on  separate  but  frequency-coherent  L-band  carriers.  The  three  PN  codes  had  different 
code  delays  but  were  otherwise  identical.  Typically,  chip  rates  of  5 or  10  MHz  were  used.  The  test 
signals  were  transmitted  from  the  KC-135  using  selected  aircraft  antennas  and  signal  polarizations.  After 
relay  by  ATS-().  the  signals  received  at  the  ground  station  were  processed  by  the  satellite  aeronautical 
channel  prober  (SAC'P)  hardware  and  were  recorded  for  off-line  computer  analysis.  Overocean  multi- 
path  data  was  acquired  for  satellite  elevation  angles  between  3°  and  32°.  Overland  multipath  tests  were 
conducted  for  various  terrain  types  for  both  summer  and  winter  conditions.  Analysis  of  these  data  has 
concentrated  primarily  on  determining  the  channel’s  delay-Doppler  scatter  function  and  its  associated 
integral  and  Fourier  parameters.  In  addition,  for  the  oceanic  multipath  channel,  a scatter  model  was 
validated,  the  spatial  filtering  effect  of  the  prober  antenna  was  isolated,  and  selected  data  sequences 
were  processed  to  determine  time-domain  statistics  and  cross-power  spectra. 


2.1  OCEANIC  MUl.TIPAfll  TESf 

A major  portion  of  the  oceanic  multipath  analysis  effort  was  directed  toward  verification  of  an 
‘ appropriate  scatter  model  that  could  extend  the  experimental  results  to  the  prediction  of  performance 

for  future  aeronautical  satellite  systems.  Toward  this  end,  a vector  formulation  of  the  widely  accepted 
physical  optics  very-rough-surface  scatter  model  has  been  used  to  correlate  theory  with  experiment.  In 
applying  the  model,  the  scatter  cross  section,  coupled  with  complex  polarization  transmission  coeffic- 
ients, was  numerically  integrated  over  the  total  effective  multipath  surface.  Model  predictions  were 
generated  for  a variety  of  surface  rms  slope  conditions  and  were  shown  to  closely  emulate  the  measured 
multipath  channel  characteristics.  These  predictions  and  the  corresponding  comparisons  were  conducted 
at  the  level  of  the  delay-Doppler  scatter  function  and  its  associated  lower  order  integral  and  Fourier 
’ parameters. 

I 
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Tlio  doluy-DoppIcr  scatter  function,  Str.w),  was  found  to  have  quite  pronounced  dependencies 
upon  pra/inj;  anjile,  aircraft  heading,  and  rms  sea  slope.  Sea-slope  dependencies  were  investigated 
mainlv  Ihrough  use  of  model  predictions.  These  predictions  were  haseil  on  an  isotropic  slope  distribu- 
tion possessing  a Gaussian  form.  Sea-slope  distributions  used  in  model  predictions  were  verified  by 
sea-state  buoy  measurement  data.  With  the  exception  of  the  absolute  level  of  its  power  spectral  density. 
SiT.coi  is  only  mildly  dependent  upon  the  electromagnetic  polarization  (horizontal,  vertical,  or  circular) 
of  the  incident  probing  signal.  This  is  particularly  the  case  for  the  high-angle  data,  whereas  at  the  lower 
grazing  angles  the  effect  of  the  vertical  polarization  reflection  coefficient’s  spatial  variation  is  in 
evidence.  The  sea-surface  slope  strongly  inlluences  the  dispersion  in  both  the  delay  and  Doppler 
coordinates.  .Vfore  specifically,  an  increase  in  rms  slope  results  in  both  increased  delay  dispersion  and 
Doppler  dispersion.  The  distribution  of  energy  in  the  Doppler  coordinate  is  also  a strong  function  of 
grazing  angle  and  aircraft  heading.  As  the  (light  direction  departs  from  the  cross-plane  direction,  the 
energy  distribution  in  the  Doppler  realm  is  no  longer  symmetrical  with  respect  to  the  specular-point 
frequency.  This  asymmetry  increases  as  the  flight  direction  approaches  the  in-plane  condition  and 
results  in  the  negative-frequency  realm  of  StT.co)  being  significantly  more  spread  than  the  positive- 
frequency  region.'  Flevation  angle  effects  are  primarily  related  to  the  Doppler  frequency;  for  a 
decrease  m elevation  angle,  the  dispersion  in  the  Doppler  coordinate  also  decreases,  while  the  asym- 
metry of  tlie  in-plane  S(r.cc)  function  increases.  Hence.  S(t.cj)  has  maximum  asymmetry  for  a 
combination  of  low-grazing-angle,  high-sea-surface  slope,  and  in-plane  llight  geometry. 

When  S(  t.u>)  is  reduced  to  lower  order  parameters  via  integral  and  Fourier  transform  operations, 
its  properties  are  generally  more  self-evident.  Using  these  techniques,  the  channel’s  delay  spectra, 
Doppler  spectra.  fre(|uency  autocorrelation  function,  and  time  autocorrelation  function  have  been 
derived.  The  observed  delay  spectra  exhibit  the  expected  monotonic  decay  as  a function  of  tap 
number,  with  the  specular-point  tap  possessing  the  maximum  density.  The  delay-spectra  data  showed 
no  significant  dependence  upon  grazing  angle  or  (light  direction.  Model  emulations  show  that  the 
dispersion  of  the  delay  spectrum  increases  substantially  for  an  increase  in  surface  slope.  The  Doppler 
spectrum  measurements  exhibited  a Gaussian-like  ilistribution  associated  with  the  cross-plane  llight 
conditions  and  a very  asymmetrical  “ramp-like"  relationship  for  the  in-plane  direction.  For  a decrease 
m grazing  angle,  the  variance  of  the  cross-plane  Gaussian  Doppler  spectrum  decreases  whereas  the  ramp 
slope  of  the  in-plane  distribution  increases,  with  the  spectrum  possessing  an  abrupt  upper  frequency 
limit.  Again,  model  emulation  shows  that  an  increase  in  sea  slope  results  in  an  increase  in  the  disper- 
sion of  the  Doppler  spectrum.  The  frequency  autocorrelation  function  and  the  delay  spectra  are  a 
I (Hirier  transform  pair,  similarly,  the  time  autocorrelation  function  and  the  Doppler  spectra  are 


1 he  Irequency  realm  corresponding  to  scatter  from  the  legion  on  the  “subaircraft’’  side  of  the 
specular  point  will  exhibit  the  larger  spreail.  I’or  these  tests,  the  in-plane  flights  were  toward  the 
satellite,  and  hence  the  negative-frequeij^'Tealm  shows  the  larger  spread.  I'or  in-plane  (lights 
away  from  the  satellite,  the  posit ivt^equency  realm  would  have  the  larger  spread. 


another  Fourier  transform  pair.  Thus  the  time  autocorrelation  and  frequency  autocorrelation 
function  dependencies  upon  grazing  angle,  (light  direction,  and  sea  slope  are  extensions  from  the 
above  discussion  (i.e..  an  increase  in  spread  of  a function  results  in  a decrease  in  spread  of  its 
Fourier  transform).  These  inverse  relationships  are  clearly  visible  between  the  Fourier  transform 
pair  elements  calculated  from  the  data.  It  is  of  interest  to  note  that,  compared  with  the  Doppler 
spectrum  properties,  the  shape  of  the  time  autocorrelation  function  is  not  nearly  so  dependent  upon 
aircraft  heading.  However  it  is  apparent  that  the  in-plane  result  is  somewhat  heavier  tailed  than  the 
cross-plane  result,  as  expected. 

The  total  energy  content  of  the  scattered  signal  and  the  spread  measures  of  the  above  spectra 
and  autocorrelation  functions  represent  the  lowest  echelon  of  channel  characterization  and  were 
calculated  as  a function  of  polarization  and  grazing  angle.  Horizontal  and  vertical  polarization  total 
scatter  coefficients  were  found  to  be  within  I or  2 dB  of  results  predicted  by  the  physical  optics 
vector  scatter  model.  The  experimental  scatter  coefficient  dependency  upon  sea  slope  was  not  deter- 
mined explicitly  because  sea-slope  measurements  were  not  available  for  the  exact  times  and  locations 
of  the  multipath  tests.  The  model  predictions,  however,  indicated  that  the  scatter  coefficient 
magnitudes,  for  grazing  angles  above  10°.  were  only  weakly  dependent  upon  sea-surface  slope.  With 
the  exception  of  the  low-angle  vertical  polarization  data,  the  scatter  coefficients  are  roughly  equivalent 
to  the  product  of  the  divergence  factor  and  Fresnel  smooth-earth  reflection  coefficient.  The  low- 
angle  vertical  results  are  some  3 to  5 dB  above  this  relationship;  this  is  not  unexpected  and  may  be 
explained  by  the  concept  of  "Brewster  angle  fill-in,”  which  is  discussed  in  more  detail  in  section  .‘'.2.6. 

( hannel  spread  measures  were  presented  as  a function  of  grazing  angle.  No  appreciable  grazing 
angle  dependence  was  apparent  for  the  delay  spread  data.  Average  delay  spreads  were  almost  constant 
( less  than  20'-'  change)  for  grazing  angles  ranging  between  10°  and  30°.  The  3-ifB  delay  spreads 
ranged  from  a low  of  0.25  psec  to  a high  of  1 .8  /a sec  and  had  a typical  value  of  0.8  /a sec;  the  lO-dB 
delay  spreads  ranged  from  2.2  to  5.6  qscc  and  had  an  average  value  of  3.2  /a sec.  Similarly,  the  3-dB 
coherence  handwidths  did  not  exhibit  a strong  grazing  angle  relationship  and  were  observed  to  vary 
over  a range  from  70  to  380  kHz.  with  the  higher  values  being  associated  (very  weakly)  with  the 
higher  grazing  angles.  Doppler  spreads  exhibited  a very  strong  dependence  upon  both  grazing  angle 
and  aircralt  heading.  For  the  in-plane  geometry  condition,  very  small  Doppler  spreads  are  associated 
with  the  low  grazing  angles;  for  example,  at  a grazing  angle  of  8",  typical  3-  and  lO-tIB  spread 
measures  o(  5 and  44  Hz.  were  measured.  These  results  are  significantly  lower  (by  a factor  of  4 or 
more)  than  those  obtained  for  the  cross-plane  Hight  vector  and  agree  with  prediction.  'Hiis  phenomenon 
does  not  imply  a low  sea-surface  slope  and  in  fact,  as  shown  by  the  model  predictions,  the  low-angle 
m-plane  Doppler  spreads  may  actually  decrease  for  an  increase  in  sea  slope.  At  the  high  end  of  the 
grazing  angle  range,  the  flight  direction  vector  had  little  inlluence  on  Doppler  spread.  For  example,  at 
30°.  the  3-  and  lO-dB  Doppler  spreads  for  m-planc  llight  were  140  and  350  Hz;  the  corresponding 
values  for  cross-plane  llight  were  only  about  .lO^'J  larger.  Measured  values  of  selected  oceanic  multipath 
parameters  are  summarized  m table  2-1. 


TABL  E 2 1.  SUMMA  RY  OF  SEL  ECTED  MEASURED  OCEANIC  MUL  TIP  A TH  PA  RAMETERS 


Parameter 

Notes 

Measured  rar>ge 

Typical  value  at  grazing 
angle  specified 

8° 

15° 

RMS  scatter  coefficient  (horizontal  polarization) 
RMS  scatter  coefficient  (vertical  polarization) 

b 

a 

5.5  to  0.5  dB 
•15.0  to  2.5  dB 

2.5  dB 
14.0  dB 

1.0  dB 

9.0  dB 

-1.0  dB 
3.5  dB 

Delay  spread 

3-d B value 
10-dB  value 

b 

0.25  to  1 .8  p sec 
2.2  to  5.6  p sec 

0.6  )usec 
2.8  /isec 

0 8 psec 
3.2  psec 

0.8  psec 
3.2  psec 

Inherence  bandwidth  (3-dB  value) 

b 

70  to  380  kHz 

160  kHz 

200  kHz 

200  kHz 

Doppler  spread  (in-plane  geometry) 
3-dB  value 
10-dB  value 

c 

4 to  190  Hz 
13  to  350  Hz 

5 Hz 
44  Hz 

70  Hz 
180  Hz 

140  Hz 
350  Hz 

Doppler  spread  (cross-plane  geometry) 
3-dB  value 
10-dB  value 

c 

79  to  240  Hz 
180  to  560  Hz 

79  Hz‘ 
180  Hz‘ 

110  Hz 
280  Hz 

190  Hz 
470  Hz 

Decorrelation  time  (3-dB  value) 

d 

1.3  to  10  msec 

7.5  msec 

3.2  msec 

2.2  msec 

Notes:  'At  10°  grazing  angle 

a Strong  dependence  on  grazing  angle,  especially  near  Brewster  angle 
b No  strong  grazing  angle  dependence 
c Strong  grazing  angle  dependence 
d Strong  inverse  dependence  on  grazing  angle. 


An  additional  dimension  of  the  interrelationship  between  the  oeeanic  surface  and  the  complex 
vector  nature  of  electromagnetic  propagation  was  investigated  by  determining  the  degree  of  correlation 
between  the  simultaneous  vertical  and  horizontal  probes  and  by  separately  using  right-  and  left-hand 
circular  (RMC  and  LMC)  polarization  probes.  With  the  exception  of  the  received  signal's  absolute 
amplitude,  the  circular  polarization  data  was  shown  to  possess  attributes  similar  to  those  of  the  linear 
fit  polarization  probes.  With  respect  to  the  total  received  scattered  energy  during  tests  with  circularly 

polarized  (C  P)  probes,  the  results  illustrate  the  phenomenon  of  surface-induced  polarization  sense 
reversal.  This  is  evident  since  probes  transmitted  from  the  aircraft  with  LHC  polarization  are  received 
more  favorably  at  the  right-hand  circularly  polarized  satellite  than  probes  transmitted  with  RMC 
polarization.  The  degree  of  correlation  between  the  probe's  horizontal  and  vertical  polarizations  was 
investigated  by  determining  the  amplitude  of  the  correlation  coefficient  between  the  two  signals  and 
by  examining  the  phase  of  their  complex  cross-power  spectra.  In  both  cases,  results  are  in  accord  with 
vector  scatter  theory  and  indicate  that  the  orthogonal  polarization  multipath  processes  are  highly 
correlated,  with  the  Fresnel  reflection  coefficients  providing  the  appropriate  phase  relationship 
between  the  scattered  vertical  and  horizontal  probes. 
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Investigations  were  made  pertainiii);  to  the  complex  Gaussian  w'ide-sense  stationary  uncorre- 
lated scattering  (WSSUS)  properties  of  the  oceanic  multipath  process.  After  rather  extensive  testing, 
we  have  statistical  bases  for  support  of  both  the  complex  Gaussian  statistics  hypothesis  and  the  assump- 
tion that  the  scatterers  are  uncorrelated.  Also,  the  channel’s  wide-sense  stationary  characteristics  were 
examined  over  a relatively  short  timespan  and  apjK'ared  to  exhibit  time-invariant  statistical  properties. 
While  this  test  was  by  no  means  comprehensive,  it  is  thought  to  be  representative  of  expectations  in 
that  the  scattering  physics  are  inlluenced  primarily  by  the  surface’s  slope  probability  distribution 
function  ( pdf),  which  changes  in  a manner  roughly  proportional  to  the  square  root  of  the  wind 
velocity.  Thus,  one  may  confidently  represent  the  oceanic  channel  as  a complex  Gaussian  W'SSUS 
scatter  process.  Under  these  conditions  the  S(t,cj)  function  completely  describes  all  statistical 
attributes  of  the  channel.  Since  this  function  and  the  lower  order  measures  are  well  duplicated  by 
the  physical  optics  vector  scatter  model,  the  results  of  this  test  may  be  easily  extended  and  applied  to 
detailed  analyses  and  design  of  future  oceanic  I.-band  systems. 


CONUS  MULTIPATH  TEST 

One  of  the  most  obvious  characteristics  of  the  overland  CONUS  scatter  data  is  its  high  degree 
of  signal  structure  nonstationarity.  This  was  readily  confirmed  through  a visual  observation  of 
several  delay-spectra  time  history  segments.  Similarly,  the  signature  of  the  channel’s  delay-Doppler 
scatter  function  varies  markedly  with  specular-point  location  and  was  used  to  isolate  periods  of 
very  low  spreading,  modest  spreading,  biased  positional  scatter,  large  irregular  Doppler  spectra  return, 
and  mixed  scatter  process  return.  These  data  were  used  to  delineate  the  salient  features  associated 
with  terrain  types  falling  under  the  categories  of  heavy  vegetation  cover,  coastal  harbors,  large  cities, 
large  lakes  and  snow-covered  plains  and  mountains. 

The  above  properties  of  nonstationarity  appear  to  mask  out  any  systematic  grazing  angle, 
flight  direction,  or  polarization  dependencies  that  might  exist  for  the  channel’s  rms  scatter  coefficients 
and  spread  parameter  measures.  Table  2-2  summarizes  the  observed  range  and  typical  values 
associated  with  the  uniditnensional  channel  parameters. 

Results  from  analyses  of  data  gathered  during  the  airport  environment  multipath  probe  were 
presented  for  test  se(|uences  entailing  runway  taxi,  landing,  and  low-altitude-approach  airplane  maneuvers. 
These  probes  were  carried  out  via  a single  crossed-slot,  low-gain  antenna  whose  polarization  was  left- 
hand  circular,  thus  providing  enhancement  of  the  multipath  signal  at  the  expense  of  the  direct  signal. 

With  the  airplane  moving  on  the  ground,  the  received  signal  structure  possessed  two  rather  distinct 
attributes;  ( I ) fairly  large  amplitude  nuctuations  of  the  energy  received  in  the  direct  line-of-sight 
signal  taps  were  observed  (possibly  caused  by  small-delay  multipath  components)  and  (2)  only  very  low 
levels  (at  least  20  dB  below  the  direct-path  signal)  of  multipath  power  were  observed  for  delays  greater 
than  0.2  psec  relative  to  the  direct  signal  arrival. 


TABLE  2 2.  SUMMARY  OF  MEASURED  CONUS  MULTIPATH  PARAMETERS 


Parameter 

Measired  range 

Typical^ 

value 

RMS  scatter  coefficient  (horizontal  polarization) 

18  tr  ,2dB 

-9d8 

RMS  scatter  coefficient  (vertical  polarization) 

1 to  3 dB 

-13dB 

■felay  spread  (3  dB) 

0 1 to  1 .2  (jsec 

0.3  (Jsec 

Delay  spread  (10  dB) 

0 2 to  3.0  fisec 

1.2  fzsec 

Coherence  bandwidth  (3  dB) 

150  kHz  to  3.0  MHz 

600  kHz 

Doppler  spread  (3  dB) 

20  to  140  Hz 

60  Hz 

Doppler  spread  (10  dB) 

40  to  500  Hz 

200  Hz 

Decorrelation  time  (3  dB) 



1 to  10  msec 



4 msec 

"^Grazing  angle  dependencies  (if  any)  masked  by  nonstationanty  properties. 


For  tile  approach  and  landinj;  phases  of  the  airport  environment  test,  the  data  has  been  used  to 
identify  several  fundamental  characteristics  of  the  direct  and  multipath  signal  components.  As  expected, 
airplane  banking  maneuvers  produce  substantial  changes  in  the  relative  direct  and  multipath  signal 
levels.  This  was  illustrated  by  an  example  that  showed  the  antenna’s  S/I  parameter  undergoing  a change 
in  excess  of  20  dB  over  a time  interval  of  about  I 5 sec.  With  respect  to  the  influence  of  the  aircraft’s 
altitude  decrease  during  the  descent  and  landing  planes,  a corresponding  decrease  in  the  differential 
time  delay  and  a relatively  large  positive  differential  Doppler  frequency  shift  between  the  direct  and 
multipath  signals  were  observed.  The  differential  delay  is  proportional  to  altitude  only,  whereas  the 
differential  Doppler  depends  on  angle  of  approach  and  aircraft  velocity.  For  the  JFK  approach  at  an 
altitude  of  approximately  0.7  km,  a 34-Uz  differential  Doppler  was  measured.  One  further  observation 
relates  to  the  noted  tendency  for  the  multipath  signal’s  delay  spread  to  decrease  with  a decrease  in 
altitude.  This  is  in  accord  with  theory,  which  predicts  a delay-spectrum  dispersion  proportional  to  the 
altitude  of  the  airplane. 

The  f'ONUS  multipath  test  results  provide  an  extensive  data  base  relative  to  the  overland 
forwaril-scatter  multipath  channel.  The  data  base  yields  valuable  information  pertaining  to  scatter 
signatures  associated  with  a variety  of  terrain  features,  such  as  electrical  characteristics,  macroscopic 
roughness  (plains,  mountains,  etc.),  and  vegetation  cover. 
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MULTIPATH  TEST  DESCRIPTION 


Multip;iili  cliiiniK'l  charactcri/ation  tests  were  eonducted  botli  overocean  and  overland  (CONUS), 
riiis  section  describes  tlie  test  obiectives.  implementation,  and  data  acquisition  procedures. 


-VI  OBJECTIVES 


E'or  mobile  communication  systems  operating  in  the  vicinity  of  random  rough  surfaces,  the 
received  electromagnetic  signal  consists  of  the  superposition  of  the  transmitted  direct  signal  plus 
terrain-retlected  signal  replicas  having  random  amplitudes,  time  delays,  and  Doppler  shifts.  These 
multipath  effects  should  be  accounted  for  in  the  system  design  of  an  aeronautical  satellite  communi- 
cation system.  Thus  the  overall  test  objective  was  to  characterize  the  multipath  sufficiently  to  allow 
confident  design  of  both  the  signal  structure  and  the  hardware  for  aeronautical  satellite  communica- 
tion applications.  Specific  objectives  were; 

a.  Acquisition  and  analysis  of  overocean  multipath  data  to  obtain  a detailed  delay-Doppler 
characterization  of  the  oceanic  multipath  channel  for  various  satellite/aircraft  geometries, 
signal  polarizations,  and  sea  states. 

b.  Evaluation  and  verification  of  an  oceaiiic  scatter  model. 

c.  ,Ac(|uisition  and  analysis  of  overland  (CONUS)  multipath  data  to  determine  the  essential 
characteristics  corresponding  to  a range  of  satellite/aircraft  geometries,  signal  polarizations, 
and  terrain  states.  Terrain  types  of  interest  included  mountainous,  vegetation-covered, 
snow-covered,  barren  (desert),  urban  (cities),  lakes,  and  airport  environments. 

Validation  of  a laboratory  multipath  channel  simulator  using  the  acquired  multipath  data  has 
also  been  identified  as  a DOT  TSC  goal.  Analysis  of  simulator  requirements  and  processing  of  multi- 
path  data  for  simulator  applications  are  planned  future  efforts  to  b^  conducted  by  DOT/TSC. 


.V:  MUI  IIPA  fl!  TESI  IMPLEMEM  AI  ION 

This  section  describes  the  satellite/aircraft  link,  the  multipath  test  concept,  and  the  instru- 
mentation at  the  aircraft  and  grouml  station  terminals. 


3.2.1  Satellite  Aircraft  l ink  Conllguration 


Durinp  task  I of  the  proprani.  link  analyses  were  perlorined  to  evaluate  the  expecleil  perform- 
ance of  hotli  the  forward  ( Rosnian/ATS-()/aircraft)  and  return  (aircraft  ATS-(>  Kosman)  link 
con  llpurat  ions  for  multipath  data  acquisition.  These  analyses  showed  that  ( 1 lin  either  case,  the 
achievable  link  performance  was  determined  almost  entirely  by  the  aircraft'satellite  l.-band  sepment. 
(2)  the  vertical  polarization  case  was  the  most  critical  probe  in  the  sipnal-to-noise  ratio  sense  because 
ol  the  higher  rellection  loss  at  the  sea  surface,  and  (3)  for  the  critical  vertical-polarization  probe,  the 
return-link  configuration  (assuming  a lOO-W  aircraft  L-band  transinitterjoffered  a signal-to-noise  ratio 
advantage  of  approximately  7 dB  compared  with  the  forward-link  mode.  Other  advantages  of  the 
return-link  configuration  were;  ( I ) it  resulted  in  a simpler  and  more  practical  aircraft  installation 
and  (2)  it  provided  a convenient  means  of  separating  direct  path  signals  and  multipath  probes  using 
coded  time  delays  as  described  in  section  3.2.2.  As  a result,  the  return-link  configuration  was  selected 
for  implementing  the  multipath  tests. 

The  basic  RF  link  configuration  used  for  all  U.S.  aeronautical  technology  tests  is  shown  ir 
figure  3-1 . For  multipath  data  acquisition,  the  test  signals  were  generated  onboard  the  Kf’-I  35  air- 
craft and  were  transmitted  to  the  ATS-6  satellite  for  relay  to  the  NASA/Rosman  ground  station. 
Forward-link  transmissions  received  at  the  aircraft  were  used  only  for  test  coordination  purposes. 

The  ATS-6  satellite  transponder  was  configured  for  L-C.  C-L  frequency  translation  and 
normally  operated  in  the  coherent  mode.  The  uplink  reference  carrier  needed  for  coherent  mode 
operation  was  usually  transmitted  from  the  NASA/Mojave  ground  station.  This  mode  of  operation 
referenced  the  frequency-conversion  operation  of  the  satellite  transponder  to  a stable  ground-based 
lrc(|uency  standard,  thus  eliminating  downlink  frequency  uncertainty  and  drift  associated  with  the 
satellite  internal  master  oscillator. 

The  ATS-6  L-hand  antenna  was  used  in  the  fan-beam  mode  for  all  oceanic  multipath  tests. 

For  CONUS  tests,  the  pencil  beam  was  used  for  several  of  the  test  legs  Hown. 


3.2.2  Satellite  Aeronautical  Channel  Prober  Test  Concept 

A block  diagram  illustrating  the  satellite  aeronautical  channel  prober  (SACP)  lest  concept  is 
shown  in  (igiire  3-2.  Three  pseudo-noise  (PN)  sequences  having  different  lime  delays  but  otherwise 
identical  were  generated  by  the  SACP  modulator.  The  values  of  l)|  and  l)-i  were  selected  to  allow 
separation  of  the  three  signals  by  correlation  techniques  at  the  SA('P  receiver.  These  PN  codes  were 
PSK  modulated  onto  RF  carriers  and  were  transmitted  from  the  aircraft  as  the  multipath  channel 
test  signals.  One  of  these  signals  was  transmitted  direv  tiy  to  the  satellite  for  relay  to  the  ground 
station,  where  it  was  used  as  a reference  signal.  The  other  two  signals  served  as  the  multipath  channel 
probes  and  were  usually  transmitted  by  downward-looking  antennas  that  had  selectable  pointing  and 
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Figure  3-2.  Satellite  Aeronautical  Channel  Prober  (SACP) 


I 


I 


poLirization.  The  three  transmitted  RF-  carriers  were  derived  from  a common  frequency  source  and 
hence  were  coherent.  Although  constant  RF  phase  differences  might  have  been  present  due  to  path 
length  differences  in  transmitters,  these  differences  were  of  no  consequence  for  most  of  the  subsequent 
data  analysis. ' 

At  the  ground  station,  the  direct  path  tracker  of  the  SACP  demodulator  utilized  coherent 
demodulation  to  track  the  carrier  phase  and  PN  code  received  over  the  direct  path.  These  were  used 
as  delay  and  Doppler  references  for  the  112  complex  cross-correlators  that  processed  the  received 
rellected  signals.  The  multipath  channel  measurements  consisted  of  1 1 2 complex  cross-correlation 
operations  between  a locally  generated  PN  sequence  and  the  probing  signal  received  over  the  link. 

The  resultant  measurement  corresponded  to  the  sampled  impulse  response  of  the  channel. 

The  SACP  prober  hardware  was  furnished  by  Stein  Associates,  Inc."  Principal  design  features 
are  given  in  table  3-1 . A more  detailed  discussion  is  available  in  reference  3-1  and  in  appendix  C of 
this  volume. 


3.2.3  T crmuiiil  lostrunieiUiilion 

.f.’  .f.  / A'('-/T.s  Ainrajt  Terminal  A functional  block  diagram  for  the  multipath  test  is  shown  in 

figure  3-3.  The  SaCP  modulator  generated  three  PN-PSK  70-MHz  IF  signals  that  were  identical 
except  for  preset  time  delays  between  the  PN  codes.  The  triple  up-converter  coherently  translated 
the  three  signals  to  1650  MHz  to  drive  the  three  multipath  transmitters.  Each  transmitter  was  connected 
to  a selected  L-band  antenna.  The  reference  signal  (with  code  delay.  Tq)  was  transmitted  directly  to 
ATS-6  via  the  quad-helix  antenna.  The  other  two  PN-PSK  signals  (with  code  delays  D|  and  Di) 
drive  the  horizontal  and  vertical  polarization  arrays  of  the  selected  multipath  antenna  — usually  the 
forward  multipath  antenna.  Alternately,  a single  transmitter  could  be  used  with  the  LWSD/RWSD/ 

TOP  slot-dipole  system,  with  the  crossed-slot  (XLT)  antenna,  or  with  the  FMP  antenna  operating  in 
one  of  its  circular  polarization  modes.  Airborne  system  parameters  were  recorded  on  computer- 
compatible  800-bpi  seven-track  tape  (six  bits  plus  parity)  using  a Kennedy  8707  recorder.  Three 
HP  435A  power  meters  used  in  conjunction  with  directional  couplers  allowed  the  RF  power  output 
of  each  channel  to  be  monitored  and  recorded.  Other  recorded  parameters  included  IRIG-B  time 
code.  SACP  modulator  code  length  and  chip  rate,  selected  multipath  antenna  and  polarization  mode. 


* rite  transmitted  RF  phase  differences  and  the  effects  of  the  ATS-6  antenna  are  of  significance  for 
portions  of  the  horizontal/vertical  polarization  cross-correlation  analysis.  A first-order  treatment  of 
these  effects  is  included  in  the  appropriate  data  analysis  :;eclions  of  this  report. 

"Stein  Associates.  Inc..  “Instruction  Manual  for  the  Satellite  Aeronautical  Channel  Prober:  Volume  1, 
System  Description  and  Operation.”  contract  DOT-TSC-634,  June  1974. 
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Figure  3-3.  Simplified  KC-135  Terminal  for  Multipath  Test 


internal  power  monitors  of  each  multipath  transmitter,  aircraft  heading,  pitch,  roll,  altitude,  and  INS 
groundspeed.  Details  of  the  recording  format  are  given  in  volume  IV. 

Nominal  RF  power  outputs  of  20  W were  used  for  the  direct  path  and  horizontally  polarized 
indirect  path,  while  a 100-W  transmitter  was  used  for  the  vertically  polarized  indirect  path  or  whenever 
an  operational-type  antenna  was  used.  These  levels,  based  on  the  Task  I link  analyses,  were  designed  to 
provide  adequate  signal-to-noise  ratio  at  the  SACP  demodulator  while  not  exceeding  a signal-to-noise 
ratio  of -1 5 dB  in  the  ATS-6  satellite  40-MHz  IF  bandwidth.  This  latter  constraint  was  necessary  to 
ensure  that  multipath  test  signals  would  be  processed  linearly  by  the  ATS-6  limiting  transponder. 

Other  L-band  participants  such  as  MarAd,  who  used  the  ATS-6  L-band  return  link  concurrently,  also 


TABLE 3-1.  SATELLITE  AERONAUTICAL  CHANNEL  PROBER  (SACP) 
SYSTEM  FEATURES 


SACP  Transmission  Subsystem 

Modulator 

Probing  rate  (selectable) 

0.5,  1.0,  1.25,2.5,  5.0,  10  Mbps 

Modulation 

±90°  pseudo-random  PSK 

PN  sequence  length  (seleciable) 

1023,  511, 255 

IF  frequency 

70  MHz 

Power  output  (into  75  ohms) 

0 dBm 

SACP  Receive  Subsystem 

Demodulator 

IF  interface  frequency 

70  MHz 

Video  PN  rates  (selectable) 

0.5, 1.0,  1.25,  2.5,  5.0,  10.0  Mbps 

Number  of  multipath  complex  demodulator  taps 

112 

Output  multipath  tap  low-pass  filter  bandwidths 
(1  dB)  (selectable) 

37.5,  75,  150,  300,  and  600  Hz 

Output  tap  dynamic  range 

40  dB 

Number  of  direct  path  complex  demodulator 
taps  and  filter  characteristics 

6 at  20Hz(3dB) 

Real-Time  Display 

Display  method 

Standard  oscilloscope 

Parameter  displayed 

Average  power  at  each  complex  demodulator  output 

Number  of  outputs  displayed  across  scope  face 

All  complex  demodulator  taps  (10-tap  selectable 
zoom) 

Averaging  time 

1/16,  1/4,  1,4  sec 

Input  dynamic  range 

40  dB 

Input  bandwidth 

600  Hz  (3  dB) 
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subjocieil  llii-'ir  transmissions  to  the  same  constraint  (<  -I  5 dB  S/N  at  the  satellite  IF-  point).  In 
addition.  tre()uency  assipniiients  were  such  that  co-channel  and  adjacent-channel  interlerence  either 
did  not  occur  or  was  held  to  an  acceptably  low  level. 


Rosman  Ground  Station  - The  return-link  signal  was  received  from  ATS-6  via  the  85-ft 
antenna  and  ('-band  receiver.  This  signal  was  down-translated  to  the  70-MH/.  IF  and  was  routed  to 
the  SAC'P  receiver  where  it  was  demodulated,  processed,  and  formatted  along  with  time  code  for 
recording  on  wideband  analog  tape. 

The  TSC  Ampex  FR-ldOO  and  the  Rosman  station  Ampex  FR-2000  tape  recorders  were  used 
to  direct  record  the  multiplexed  output  of  the  SAC'P  receiver  system  on  seven-track.  I /2-in.  analog 
tape.  Recording  speeds  of  I 20  ips  were  used  for  both  oceanic  and  CONUS  data  acquisition.  For 
oceanic  tests.  7200-ft  tapes  were  normally  used  to  provide  uninterrupted  recording  for  a period  of 
I 2 min.  F'or  CONUS  tests.  9600-ft  tapes  provided  uninterrupted  recording  for  I 6 min.  Data  tracks 
recorded  included  two  multiplexed  SACP  receiver  output  data  streams  (recorded  in  duplicate  for 
redundancy,  thus  occupying  four  tracks),  IRIG-A  time  code.  IRIG-B  time  code,  and  a bit-synchroniza- 
tion signal.  Details  of  the  multiplexed  SACP  receiver  output  format  are  given  in  volume  IV. 


3.2.4  KC-135  l.-Band  Antennas 

The  approximate  locations  of  the  L-band  antennas  used  on  the  KC-135  test  aircraft  are  shown 
III  figure  3-4.  Major  features  of  these  antennas  are  summarized  below.  Unless  otherwise  noted, 
antenna  polarization  is  right-hand  circular. 

a.  Quad-llclix  (QH)  Antenna:  This  antenna  was  used  for  transmission  of  the  direct  signal 
to  AFS-O  during  all  multipath  tests  requiring  transmission  of  a separate  direct  path  signal. 
The  antenna  has  a conical  beam  shape  approximately  19°  in  width  at  the  3-dB  points. 

The  antenna  is  mechanically  steerable  to  provide  coverage  throughout  the  forward 
region  of  the  upper  hemisphere  and  provides  about  15.5-dB  gain  toward  the  satellite  for 
elevation  angles  above  1 5°. 

b.  f-'ront  \lulti/>ath  (FMP)  Antenna  The  FMP  was  the  principal  antenna  used  for  trans- 
mission of  the  terrain-reflected  signals  during  both  overocean  and  CONUS  multipath 
tests.  The  antenna,  located  within  the  nose  radome,  employs  a two-clement  waveguide 
array  resulting  in  1-ilB  heamwidths  of  20°  in  azimuth  and  50°  in  elevation.  Gain  was 
approximately  6 dB  and  polarization  was  selectable  between  RMC.  LUC,  and  dual  linear 
(the  horizontal  and  vertical  polarization  poit.s  were  simultaneously  accessible  on  separate 
transmission  lines).  Details  of  the  polarization  switching  unit  are  shown  in  figure  3-5. 

The  antenna  was  mounted  on  a two-axis  positioner,  which  permitted  it  to  be  mechanically 
steered  anywhere  between  the  horizon  and  90°  downward  in  elevation  and  ±80°  (to 
either  left  or  right)  from  the  aircraft  nose  in  azimuth. 
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Figure  3-5.  Polarization  Switching  Unit 


c.  Three-Antenna  ( L WSDIR  WSD/TOP)  Slot-Dipole  System:  This  system  consists  of  three 
flush-mounted  antennas.  Side  coverage  is  provided  by  the  left  (LWSD)  and  right  ( RWSD) 
side  antennas  mounted  in  the  upper  wing/body  (wing-root)  fairing  areas  at  station  766. 
High  elevation  angle  and  fore/aft  coverage  is  provided  by  a third  antenna  (TOP)  mounted 
near  the  top  centerline  at  station  805.  The  LWSD  and  RWSD  antennas  were  used  during 
overocean  multipath  test  runs  involving  operational  antennas. 

d.  Crnssed-Sloi  ( XL  T)  Antenna:  Also  referred  to  as  an  orthogonal-mode  cavity,  this  antenna 
was  installed  at  station  746  near  the  top  centerline  specifically  for  acquisition  of  (’ONUS 
multipath  data  during  the  February  1975  tests.  It  war.  used  primarily  during  approach, 
landing,  and  taxi  sequences  at  selected  airports.  A limited  amount  of  overocean  multi- 
path  testing  was  also  performed  using  this  antenna.  The  antenna  may  be  connected  for 
either  LHC  or  RHC  polarization. 

Although  the  following  antennas  were  not  used  for  data  acquisition  during  the  multipath  test 
program,  a brief  description  of  each  is  included  for  completeness. 

a.  Side-Mounted  Multipath  (SMP)  Antenna  This  antenna,  located  at  station  804  and 
waterline  I 50,  has  a fixed  beam  that  points  approximately  1 5°  below  the  horizon  and 
10°  aft  of  broadside.  The  ,^-dB  beamwidth  is  about  20“  in  elevation  and  45°  in  azimuth, 
and  peak  gain  is  approximately  13  dB.  Polarization  is  selectable  between  dual  linear. 
RHC,  or  LHC.  The  polarization  switching  network  is  identical  to  that  of  the  forward 
multipath  antenna.  Because  the  forward  multipath  antenna  beam  shape  was  more 
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ilesirable  ami  could  be  steered  in  both  azimuth  and  elevation,  the  side  multipath  antenna 
was  regarded  as  a backup  for  the  forward  multipath  antenna  and  was  therefore  not  used 
for  multipath  data  acquisition. 

b.  Right H.eft  Slot-Dipole  ( RSD,  LSD)  Antennas:  These  antennas  were  mounted  at  station 
1 135  approximately  35°  down  from  the  top  centerline.  Due  to  the  more  favorable 
location  of  the  LWSD/RWSD/TOP  slot  dipoles,  the  RSD/LSD  antennas  were  used 
primarily  as  backups  and  for  auxiliary  transmission/reception  functions. 

c.  Phasecl-Amiy  (PDA)  Antenna:  This  antenna  was  mounted  on  the  right  side  of  the 
aircraft  at  station  420.  41°  down  from  the  top  centerline.  With  this  location  the  main 
coverage  was  approximately  broadside  to  the  airplane.  The  beam  was  fixed  in  azimuth 
and  was  electronically  steerable  in  elevation  in  increments  of  about  10° 

cl.  Patch  (PAT)  Antenna:  Because  of  its  low  power-handling  capability,  this  antenna  was 
used  only  for  receiving.  It  was  located  near  the  top  centerline  of  the  fuselage  at  station 
270  to  provide  forward  “fill-in”  coverage  for  the  RSD/LSD  antenna  system. 

The  front  multipath  antenna  and  the  LWSD/RWSD/TOP  slot  dipoles  were  furnished  and 
installed  by  Boeing^  for  this  test  program.  The  phased-array  and  patch  antennas  were  furnished  and 
installed  specifically  for  the  antenna  evaluation  tests  and  were  not  used  during  multipath  tests.  The 
side  multipath.  RSD/LSD  slot-dipole,  and  quad-helix  antennas  were  developed  and  installed  by 
Boeing  for  the  earlier  FAA  ATS-5  tests  (ref.  3-2).  The  crossed-slot  antenna  was  furnished  by  Boeing 
under  an  earlier  contract  (ref.  3-3)  and  was  first  used  by  DOT/TSC  for  their  balloon  test  program. 


3.2.5  Sea-State  Buoy 

Sea-state  measurement  data  was  acquired  using  a wave-following  sea-state  buoy  furnished  by 
the  U.S.  Navy  USl.  and  deployed  from  the  USCG  Cutter  Gallatin.  Buoy  instrumentation  included 
a magnetic  compass,  gimballed  roll  and  pitch  gyros,  and  three-axis  strap-down  accelerometers.  The 
roll  and  pitch  gyros  provided  angular  information  for  determination  of  wave-slope  distributions, 
while  the  accelerometer  outputs  yielded  data  relative  to  the  spectra  characteristics  of  the  ocean 
surface.  Small-scale  undulations  (waves  of  length  less  than  approximately  1 m)  were  sensed  by  an 
array  of  10  wave  staffs.  During  data  acquisition,  the  buoy  was  tethered  to  the  USCG  ship  and  infor- 
mation was  conveyed  via  cable  to  the  ship,  where  it  was  recorded  on  magnetic  tape. 


^Described  in  “U.S.  Aeronautical  L-Band  Satellite  Technology  Test  Program  - Terminal  Design,” 
Material  submitted  under  contract  DOT-TSC-707,  August  1975. 


-V.1  Mi  l I IF' ATM  TF  ST  (.F-OMHTRIFS  AND  SCENARFOS 

li'sis  wiTi-  comiuctcd  in  accordance  willi  a preplanned  scenario  specified  by  the  test  opera- 
tions plan.  F he  test  operations  plan  specified  the  nightpath,  test  parameters,  and  schedule  of  all 
essential  operations  to  be  performed  onboard  llie  aircraft  and  at  the  ground  station. 


3.1.1  Oceanic  Multipath  Tests 


typical  oceanic  multipath  flightpath  is  shown  as  the  portion  between  waypoints  F and  J 
m figure  3-p.  Tests  were  I hr  in  duration  and  consisted  of  four  legs  with  three  test  headings:  directly 
toward  the  ATS-6  subsatellite.  45°  offset,  and  90°  offset.  The  reference  direct  path  signals  were 
always  transmitted  via  the  quad-helix  antenna.  Additional  details  are  given  in  table  3-2. 

TABL  E 3-2.  TYPICAL  OCEANIC  MUL  TIPA  TH  TEST  SCENA  RIO 


Leg 

Wav 

point 

Heading 
relative  to 
ATS  6,  deg 

Relative 

time, 

min 

Direct 

antenna 

Test  antenna 

Type 

Polari- 

zation 

Azimuth, 

deg 

Elevation 

deg 

1 

FG 

0 

00  to  12 

■1 

QH 

FMP 

H.V 

0 

■35 

12  to  18 

TOP 

RHC 

- 

- 

2 

GH 

315 

18  to  27 

FMP 

H.V 

4b 

■35 

27  to  32 

RWSD 

RHC 

- 

- 

3 

HI 

0 

32  to  38 

FMP 

H,V 

0 

0 

38  to  42 

FMP 

RHC 

0 

■35 

42  to  46 

FMP 

LHC 

0 

35 

4 

ij 

90 

46  to  55 

LWSD 

RHC 

- 

- 

55  to  60 

QH 

FMP 

H.V 

270 

■35 

Additional  test  parameters: 

- 127  chips,  D2  = 490  chips 
CR  - 5MHr,  CL  = 1023bits 
= 0.2  /asec,  T2  = 0.2  D2 


Prior  to  the  start  of  a data  run.  the  SACP  modulator  code  length  (I'D.  chip  rate  tCR).  and 
code  delays  ( 1>|  and  Ds)  were  set  to  the  specified  values.  The  two  code  delays  were  selected  to  allow 
nonambiguous  identification  and  separation  of  the  three  probing  signals  (direct.  IF.  and  V)  at  the 
SACP  receiver,  taking  into  account  the  aircraft  altitude  and  satellite  elevation  angle  for  a particular 
IFight  Code  chip  rates  were  typically  either  5 or  10  MM/,  and  the  maximum  code  length  of  1023 
bits  was  used  for  all  tests.  The  nominal  aircraft  altitude  was  30.000  ft  for  all  tests  and  nominal 
groundspeed  was  400  kn.  f-or  the  major  portion  of  each  test  leg.  the  multipath  channel  probes 
were  transmitted  by  the  forward  multipath  antenna.  The  dual-linear  polarization  mode  (simultaneous 
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H and  V probes)  was  most  frequently  used,  although  data  was  ac(|uired  for  RHC  and  LIIC  antenna 
polarizations  on  a few  selected  flight  tests.  During  data  acquisition,  the  forward  multipath  antenna 
was  normally  poinled  toward  the  suhsafellite  direction  in  azimuth  and  was  depressed  below  the 
horizon  to  illuminate  the  effective  scatter  region  in  the  vicinity  of  the  specular  point.  I or  a portion 
of  an  in-plane  legdlight  directly  toward  the  subsatellite  point)  on  each  llight.  the  ..ntenna  was 
pointed  at  the  forward  horizon  to  provide  a direct  line-of-sight  illumination  of  the  satellite.  Data 
acquired  in  this  manner  termed  “up-look  mode”  was  gathered  to  provide  information  relative 
to  the  satellite  antenna’s  polarization  ellipse,  as  well  as  calibration  data  used  in  the  determination 
of  the  sea-surface  rellection  coefficient  magnitude.  Usually,  a portion  of  each  test  leg  was  devoted  to 
the  acquisition  of  data  while  transmitting  the  probing  signal  through  an  operational  antenna,  l or  all 
cases  the  candidate  operational  antenna  had  high  multipath  discrimination,  with  the  result  that  the 
received  multipath  energy  in  each  delay  tap  was  well  below  the  receiver’s  noise  density. 

At  Rosman.  data  was  recorded  for  the  last  I 2 min  of  each  test  leg.  Recorder  turn-on  was 
timed  so  that  the  end  of  the  7200-ft  tape  (at  I 20  ips)  would  coincide  with  the  end  of  the  test  leg. 

The  first  part  of  each  test  leg  was  used  for  reacquisition  of  the  signal  by  the  S.\UP  receiver  following 
the  aircraft  turn  and  for  tape  changes  on  the  instrumentation  recorder. 


1 
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3.3.2  CONUS  Multipath  Tests 

CONUS  night  tests  were  either  4 or  4. .3  hr  in  duration.  I his  test  time  was  divided  into  legs 
typically  20  min  long.  Test  headings  for  the  legs  alternated  between  directly  toward  or  90°  offset  from 
the  ATS-6  direction.  Fn  route  data  was  usually  acquired  whh  the  forward  multipath  antenna  operat- 
ing in  its  dual-linear  polarization  mode.  Some  testing  was  performed  with  an  aircraft  operational-type  i 

antenna.  During  the  February  1975  tests,  the  crosscd-slot  antenna  was  used  to  acquire  data  during 
approach,  landing,  and  taxi  phases  at  three  airports:  Namao  ( Edmonton,  .Alberta).  O’llare  (Chicago), 
and  JF'K  (New  York)  on  three  successive  days.  Selection  of  code  length,  code  rate.  T|  and  IN.  and 
antenna  pointing  parameters  were  subject  to  the  same  considerations  as  for  oceanic  tests. 

To  enhance  the  power  level  of  the  multipath  (rellccted)  signal  received  at  Rosman.  the 
ATS-6  1,-band  antenna  was  operated  in  the  pencil-beam  mode  iluring  many  of  the  CONUS  tests. 

Since  the  antenna’s  3-dB  beamwidth  is  only  1 .5°  in  the  pencil-beam  mode,  repointing  of  the  space- 
craft antenna  was  usually  re(|uired  once  or  twice  during  a 4-hr  test.  I'his  re(|uirement  was  easy  to 
satisfy  and  was  routinely  accomplished  by  NA.S.A/CTSFC  in  only  a few  minutes.  .\t  Rosman.  data  was 
normally  recorded  for  the  last  16  min  of  each  20-min  test  leg. 
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3,4  MULTIPATH  DATA  ACQUISITION  SUMMARY 

OverocLMii  technology  lest  Hights  generally  involved  a mix  of  test  types.  A single  Hight.  lor 
example,  might  provide  oceanic  multipath,  antenna  evaluation,  and  several  types  of  modem  evaluat- 
tion  tests.  Oceanic  multipath  test  data  was  acquired  on  18  separate  (lights  t)ver  a range  ol  satellite 
elevation  angles  between  3°  and  32°.  Tests  were  spread  over  a 7-month  period  ending  April  l‘)75. 
Table  3-3  summarizes  tests  conducted. 

Ocean  buoys  were  used  by  DOT/TSC'/USCG  to  acquire  sea-state  data  on  one  day  in  Januarx 
1975  and  on  five  days  during  March/April  1975.  During  the  March/April  series,  three  of  the  five  days 
on  which  sea-state  measurement  data  were  acquired  corresponded  to  days  on  which  multipath  channel 
characterization  tests  were  conducted.  The  multipath  tests  and  sea-stale  measurements  were  not, 
however,  truly  time  coincident;  typically  the  times  ol  test  conduct  dillered  by  several  hours  lor  the 
two  tests  in  each  of  the  above  three  cases.  Additional  sea-state  buoy  deployments  were  made  for 
system  calibration  purposes  during  February  1975. 

Sea-state  data  obtained  from  the  overocean  tests  is  presented  in  section  t>.5.  Details  ot  the 
sea-state  data  analysis  are  described  in  volume  IV.  appendix  B. 


CONUS  multipath  tests  were  performed  overland  over  various  parts  of  the  U.S.  and  Canada. 
These  (lights  were  devoted  exclusively  to  the  acquisition  of  CONUS  multipath  data.  Dedicated  A1  S-b 
spacecraft  l.-band  test  time  was  also  required  because  ol  the  special  L-band  antenna  beam  modes  and 
pointing  needed  for  coverage  of  the  geographic  areas  ot  interest.  C ONUS  multipath  tests  conducted 
are  summarized  in  table  3-3. 


3.5  KC-135  TF.RMINAL  RF  CALIBRATION 


3.5.1  Power  Monitoring  and  RI-  Insertion  Loss 

To  analyze  and  interpret  the  multipath  data,  it  was  necessary  to  know  the  relative  RF  power 
levels  at  the  inputs  to  the  three  transmitting  antennas  ( i.e.,  the  direct  path  antenna  and  the  II  ami  V 
polarization  ports  of  the  multipath  antenna).  RF  subsystem  calibration  measurements  were  there- 
fore made  to  acquire  the  insertion  loss  data  needed  to  derive  the  input  RF  power  levels  at  the  antennas 
from  the  IIP  435A  power  meter  monitor  values. 

The  power  monitoring  subsystem  used  lor  all  multipath  tests  except  the  March/April  1 975 
series  is  given  in  figure  3-7.  All  insertion  loss  values  of  interest  are  given.  These  values  allow  the  RF 
power  meter  readings  to  be  used  to  calcul.ite  ( I ) the  RF  power  level  at  any  antenna  input  and  t 2)  llie 
RF  power  level  at  the  output  port  of  each  transmitter. 
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TABLE  3-3.  MULTIPATH  DATA  ACQUISITION  SUMMARY 


Date, 

mo-day-yr 

Elevation 

angle, 

deg 

Test 

duration, 
hr  + mm 

Remarks 

A.  Oceanic 

9-24  74 

30 

HOO 

Nominal 

10-24-74 

18  to  23 

1+00 

Nominal 

10-28-74 

8 to  12 

1+00 

Nominal 

11  14-74 

3 to  8 

1+00 

SACP  receiver  data  sign  bit  inoperative  causing  all 

11  15-74 

8 to  '3 

1+00 

Doppler  data  to  be  of  one  polarity.  S(t,w)  function 

11  16-74 

3 to  8 

1+00 

could  not  be  calculated.  Delay  spectra  data  unaffected. 

11-21-74 

19  to  ^3 

1+00 

1-23-75 

3 to  8 

1 +00 

Partial  data  acquisition,  faulty  100-W  PA  (30-W  TWT 

used) 

1 27  75 

8 to  13 

1+00 

Nominal 

1 28-75 

19  to  23 

1+20 

Aircraft  maneuvers  due  to  weather  avoidance 

1 30  75 

3 to  8 

1+00 

Nominal 

2 27  75 

30 

1+20 

Nominal 

3-25-75 

15 

0+20 

TOP  antenna  only 

3-27  75 

lOto  15 

1+00 

FMP  antenna  fault 

3 38  75 

3 to  8 

l+Oo 

FMP  antenna  fault 

3 31  75 

10  to  15 

1+00 

Nominal 

4-02-75 

7 to  11 

1+00 

Nominal 

4-03  75 

16to21 

1+00 

Nominal  j 

18  hr 

Oceanic  Test  Hours 

8.  CONUS 

9-19-74 

30  to  45 

4+00 

Eastern  U.S.,  nominal 

1030-74 

30  to  45 

4+00 

Eastern  U.S..  nominal 

11  02-7*^ 

30  to  45 

4+00 

Northwest  U.S.,  50%  of  data  acquirer! 

2 18-75® 

16  to  27 

4+30 

NW  Canada  to  Edmonton,  50^>  of  data  acquired,  no 

useful  airport  landing  data 

2 19-75® 

27  to  40 

4+30 

Central  Canada  to  O'Hare,  nominal 

2 20  75® 

28  to  37 

4+30 

N.  Quebec  to  JFK,  nominal 

25.5  hr 

CONUS  Test  Hours 

'Acquired  data  with  both  fan  and  pencil  beams  of  ATS-6. 


Figure  3-7.  KC-135  Multipath  Monitoring  Subsystem,  September  1974  to  February  1975 


For  the  March/April  1975  test  series,  the  power  meters  and  directional  couplers  associated 
with  each  of  the  two  indirect  path  transmitters  were  relocated  to  a point  following  the  forward  RF 
control  unit.  Two  3-dB  hybrids  were  also  added  to  allow  relative  RF  phase  measurements  to  he  made 
(discussed  in  next  section).  This  monitoring  configuration  is  shown  in  figure  3-8  and  includes  all 
insertion  loss  values  of  interest. 


3.5.2  Relative  RF  Phase  (’alibration 

Measurement  of  the  relative  RF  phase  between  the  honzontal  and  vertical  prober  signals  as 
input  to  the  antenna  was  desired  to  support  the  cross-correlation  and  cross-power  analyses  of  hori- 
zontal and  vertical  tap  outputs.*^  The  instrumentation  used  for  these  measurements  is  illustrated  in 
figure  3-9.  During  the  fall  series,  relative  phase  measurements  were  made  on  only  one  occasion  due  to 
the  unavailability  of  required  test  equipment.  The  discussion  will  therefore  be  limited  to  measure- 
ments during  the  spring  1975  series. 

With  respect  to  figure  3-9b,  relative  RF  phase  measurements  were  made  by  exciting  the  SACP 
modulator  in  the  cw  mode.  The  two  unmodulated  cw  signals  were  up-converted,  amplified,  and 
connected  to  the  antennas  in  the  normal  manner.  Samples  of  the  two  RF  signals  were  coupled  out 
for  relative  phase  measurements  using  an  HP  8410A  network  analyzer.  RF  cabling  between  the 
coupled  points  and  the  antennas  was  designed  to  liave  equal  path  lengths  for  the  two  channels  in 
terms  of  phase.  This  was  confirmed  by  measurement.  Auxiliary  calibrations  of  all  couplers,  hybrids, 
etc.  were  performed  as  needed.  This  system  allowed  RF  relative  phase  measurements  to  be  made  by 
simply  changing  the  operating  mode  of  the  SACP  modulator  to  cw.  Especially  significant  is  the  tact 
that  no  cable  or  connector  changes  were  required  in  the  RF  subsystem.  The  two  3-ilB  hybrids  also 
allowed  power  meter  monitors  to  operate  simultaneously  without  cable  or  connector  changes. 

Relative  RF  phase  measurements  made  for  the  H and  V channels  during  the  March 'April 
series  are  given  in  table  3-4.  .Some  day-to-day  variations,  as  well  as  time-<lependent  variations  within 
a given  test,  are  evident.  These  variations  are  attributed  primarily  to  temperature  effects  in  trans- 
mitters, up-converter,  etc.  The  variations  were  observed  to  stabilize  following  a lengthy  wannup  ol 
equipment.  Warmup  periods  of  2 hr  or  more  were  normally  used  for  tests  ac(|iiiring  relative  RF  phase 
data. 


^For  a complete  characterization  of  equipment  effects  on  these  measures,  one  must  also  include  the 
perturbations  caused  by  the  antennas  onboard  the  aircraft  and  the  ATS-b  satellite 


Figure  3-8.  KC-135  Multipath  Monitoring  Subsystem,  March  and  April  1975 
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Figure  3-9.  Relative  Phase  Measurements  for  KC-135  Multipath  Equipment 
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TABLE  3-4.  MULTIPATH  RELATIVE-PHASE  MEASUREMENT  SUMMARY 
FOR  MARCH  1975  TEST  SERIES 


Date, 
mo-day  vr 

Time, 

GMT 

A<t> 

(V  leads), 
deg 

3-18-75 

1530 

98 

1700 

82 

1715 

80.5 

1720 

79.0 

1725 

83.5 

1730 

83.0 

3-19-75 

1250 

65.0 

1520 

71.5 

3-21  75 

1505 

58.0 

3-24-75 

0745 

83.0 

1330 

70.0 

3-25-75 

0900 

71.5 

1430 

59.0 

3-27-75 

0830 

70.0 

1415 

69.5 

3-28-75 

0817 

80.1 

1404 

66.2 

3-31-75 

0800 

90.2 

1239 

71.2 

4-2  75 

0703 

97.5 

1242 

71.0 

4-3-75 

1103 

71.7 

f 

i 

f 3-21/3-22 


4 MULTIPATH  DATA  REDUCTION  /\ND  ANALYSIS  PROCEDURES 


This  section  gives  a brief  description  of  the  data  analysis  procedures  and  analytical  obiectives 
of  the  major  processing  blocks.  Volume  IV  provides  a comprehensive  discussion  of  this  subject. 


4 1 DATA  PROCESSING  FUNCTIONAL  FLOW 

Figure  4-1  depicts  the  processing  steps  involved  in  the  formatting,  reduction,  and  analysis  of 
the  recorded  multipath  SACP  signal  arrays  and  the  aircraft-transmitter  parameter  tape. 

Received  SACP  signals  were  direct  recorded  in  a standard  telemetry  analog  format  (serial 
PCM.  NRZ-L).  Redundant  recording  was  used  on  the  analog  source  tape,  with  each  of  the  PCM  data 
bit  streams  and  IRIG  time-code  signals  recorded  on  two  separate  tracks.  At  the  Boeing  ground 
station  facility,  the  data  and  time  tracks  were  initially  processed  by  telemetry  front  end  (TFE)  equip- 
ment, which  for  this  particular  application  routed  the  played-back  serial  signals  through  its  PCM  sub- 
system to  the  programmable  data  distributor  (PDD).  The  PDD  merged  time  words  with  the  data  and 
distributed  the  information  to  one  or  both  of  the  PDP  1 1 /45  computer  I/O  buses.  The  dual  PDP 
computer  system  performed  three  basic  functions:  ( 1 ) conversion  of  the  analog-recorded  data  tapes 
into  digital  format  computer-compatible  tapes,  (2)  quick-look  processing  of  the  multipath  data,  and 
(3)  calculation  of  the  time-ordered  delay-spectra  arrays  that  are  used  to  generate  the  time  history  of 
the  multipath  channel  delay  spectra.  The  normalization  and  three-dimensional  plotting  of  this  data 
were  performed  in  the  CDC  6600, 

Detailed  analysis  of  the  prober  data  was  also  performed  in  the  CDC  6600.  This  analysis 
provided  a comprehensive  characterization  of  the  multipath  channel  for  horizontal  and  vertical  polari- 
zation, gathered  over  a down-looking  antenna.  The  primary  output  of  this  routine  was  the  delay- 
Doppler  scatter  function  of  the  channel.  Also  included  were  the  channel's  total  scattered  intensity, 
delay  spectrum.  Doppler  spectrum,  frequency  autocorrelation  function,  time  autocorrelation  function, 
spread  parameter  measures,  and  the  time-domain  statistics  of  the  individual  lap  processes. 

Sea-state  buoy  data  was  reduced  and  analyzed  by  CNR.  Inc.  Analog  tapes  were  stripped  and 
reformatted  into  computer-compatible  digital  tapes  at  a DOT/TSC  facility.  Detailed  processing  as 
described  in  appendix  B of  volume  IV  was  performed  on  the  DO'IV  I SC  PDP  10  computer. 


4-1 


Figure  4- 1.  Data  Reduction  and  Analysis  Functional  Flow 


4.2  .AL(;ORITllM  [ XhCU  IlON  St  QUI-NC'I-  .AND  ANALYI  ICAL  OBJHCTIVES 


The  algorithm  exeaition  sequence  lor  processing  the  multipath  channel  data  is  given  in  figures 
4-2  and  4-3  and  is  described  hrietly  as  follows. 


4.2.1  Oihck-l.ook  Real-Time  Playback  Data  Analysis 

The  quick-look  output,  directly  available  from  the  PDP  I 1/45  system,  provides  both  oscillo- 
scope display  plots  and  hard-copy  numerical  output.  From  this  information,  the  operator  may 
investigate  receiver  parameter  configuration,  tap  frequency  spread,  delay  power  spectral  density,  and 
analog  magnetic  tape  status  descriptors.  The  quick-look  output  is  used  to  review  overall  data  quality 
and  to  identify  candidate  data  intervals  for  detailed  analysis,  i.e.,  intervals  that  provide  both  steady- 
state  receiver  conditions  and  multipath  scatter  phenomena  of  particular  importance. 


4.2.2  Reformatted  -SACP  Digital  Tapes 

Source  analog  tapes  are  processed  to  provide  computer-compatible  digital  tapes  that  represent 
the  complex  tap  voltage  time-domain  data  of  the  SACP  receiver.  Typically,  those  periods  of  data 
identified  by  the  quick-look  analysis  as  being  of  particular  interest  te.g.,  active  multipath  returns, 
large  cities,  land.'water  interfaces)  were  reformatted  for  the  CONUS  tests.  For  the  oceanic  tests,  the 
bulk  of  the  valid  data  was  converted  to  digital  format. 


4 2.3  Delay-Spectra  Time  History 

For  all  periods  of  valid  data  collection,  the  scatter  channel’s  delay  power  spectral  density  ( psd) 
is  determined  in  a time-running  nonoverlapping  manner,  with  psd  estimates  being  calculated  over  a 
2-sec  interval.  The  outputs,  which  occur  once  every  2 sec,  are  given  in  both  numerical  and  three- 
dimensional  plotted  formats.  Respectively,  these  data  provide  both  a (luantitative  and  comprehensive 
overview  description  of  the  channel’s  time-variant  delay-spectra  characteristics.  This  analysis  is  of 

• particular  importance  for  the  CONUS  scatter,  where  terrain  roughness  and  electrical  characteristics 
vary  rapidly  with  distance.  One  use  of  the  3-D  overview  plot  is  to  isolate  time  and  tap  bank  intervals 
that  possess  data  for  which  it  is  desirable  to  either  ( I ) reference  the  numerical  output  to  obtain 
((uantitative  delay-spectra  information  or  ( 2 ) subject  the  data  input  string  to  detailed  delay-Doppler 

• pstl  computer  processing. 
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Figure  4-3.  Multipath  Algorithm  Execution  Sequence,  Part  2 


4.2.4  l)elay-I)oppk‘r  Scatter  Power  Spectral  Density:  Str.oj) 


This  function  represents  the  ilistrihution  of  diffusely  scattered  power  arriving  at  the  receiver 
with  Doppler  frequency  cj  and  time  delay  t.  For  the  zero-mean  complex  Gaussian  random-scatter 
process,  S(r.oj)  completely  characterizes  the  channel  statistics.  For  each  test  condition,  at  least  one 
detailed  S(t.oj)  function  is  generated.  The  output  is  given  in  numerical  and  three-dimensional  plotted 
form.  F'urthermore,  since  this  parameter  is  of  such  fundamental  importance  for  the  interpretation, 
modeling,  and  application  of  the  scatter  channel  phenomena,  S(T,tc)  is  also  preserved  on  magnetic 
tape.  I his  provides  a convenient  and  compact  basis  from  which  future  analysis  may  be  conducted 
without  going  through  the  time-consuming  and  expensive  computer  processing  steps  re(|uired  to  obtain 
the  delay-Doppler  psd  from  the  reformatted  SACP  digital  tapes 


4.2..S  Integral  and  Fourier  Operatiotis  on  S(t,w) 

The  scatter  function  S(r,w)  contains  all  the  ingredients  needed  for  the  derivation  of  equiva- 
lent and  lower  order  channel  parameters.  Software  modules  are  contained  within  the  CDC  6600 
routines  to  derive  the  joint  time-frequency  autocorrelation  function  R(^,S2),  time  autocorrelation 
function  R(f,0),  frequency  autocorrelation  function  RtO.fi),  Doppler  spectrum  Dtw).  delay 
spectrum  Q(r),  and  total  rms  scattered  energy  <|I1^>.  The  mathematical  expressions  for  these 
quantities  are: 


R(|,i2)  = + i‘^>drdw 

(4-1  ) 

Rl^.O)  = dre'^^^dco 

(4-2) 

R(0,J2)  = dcj  e'^^’^dr 

(4-3) 

D(u))  = fs(TM)  dr 

(4-4) 

Qtr)  =J‘siT.(jJ)  dto 

(4-5) 

=ffs(T,cj)  drdw). 

(4-6) 

The  time-frequency  autocorrelation  function  ami  its  respective  axial  cuts  measure  the  degree 
of  correlation  between  two  signals  delayed  in  time  by  J and  offset  in  frequency  by  H.  These  func- 
tions are  complex  and  therefore  are  formatted  in  terms  of  their  amplitudes  and  phases  in  the  software 
output. 
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4.2.6  ChaniH'l  Spri'.ul  P.iraiiuMiTs 


From  llio  y(r).  K(J.O).  ami  R(0,£i)  distributions,  lower  cclK’lon  tirst-ordcr  diannd 

parameters  such  as  the  Doppler  spread,  delay  spread,  decorrelation  time,  and  coherence  bandwidth  of 
the  scatter  channel  are  easily  estimated. 


4.2.7  Noise  Determination  and  Removal  (NDandR I 

The  outputs  of  the  SACI’  multipath  correlator  contain  desired  sipnal  data,  spurious  signal 
terms,  low-pass  additive  thermal  noise,  and  receiver  arithmetic  noise.  Under  normal  SACF’  operating 
conditions,  the  NDandR  algorithm  statistically  eliminates  these  noise  terms  from  the  data  on  a 
tap-by-tap  basis.  I he  noise-lree  estimate  of  the  delay-Doppler  function  may  then  he  normalized  for 
the  low-pass  lilter  attenuation  and  subjected  to  the  integral.  I'ourier  transform,  and  spread  determina- 
tion steps  as  previously  outlined. 


4.2.8  Antenna-Pattern-F-.ffects  Removal 

Design  criteria  for  the  forward  multipath  antenna  were  established  to  provide  a radiation 
pattern  with  nearly  uniform  coverage  over  the  effective  scatter  region.  Flowever.  for  certain  tlight 
direction  headings  the  lidelity  ol  the  channel  measurement  may  be  enhanced  by  applying  the  antenna- 
etfects-removal  algorithm.  This  routine  operates  on  the  noise-free  SIt.cji  estimate  to  provide  an 
eipiivalent  scatter  tunction  that  would  be  measured  with  a uniform  gain  antenna  Fhe  multipath 
process  performs  a 2-into-l  mapping  operation,  wherein  two  surface  returns  are  mapped  into  one 
delay-Doppler  point.  Application  of  this  algorithm  is  thus  restricted  to  the  in-plane  geometry  cases 
where  the  cosymmetry  of  the  delay  contours,  Doppler  contoum.  and  scatter  cross  section  ( isotropic 
surface)  is  exploited. 


4.2.‘f  Tap  Amplitude  and  Phase  Distributions 


Determination  of  the  fundamental  statistical  properties  of  the  scatter  process  renuires  that 
the  received  signals’  time-domain  tluctuations  be  characterized.  The  probability  distribution  and  its 
associated  mean  and  variance  for  these  lluctuations  are  derived  for  each  tap's  I component.  Q 
component,  and  phase  angle,  [ he  process  composite  signal,  which  is  constructed  by  vectorially 
summing  the  delay  tap  outputs,  may  also  be  subjected  to  these  operations.  I'he  experimental  distri- 
butions are  comiiared  with  theoretical  expectation  for  the  complex  CJaussian  channel.  These  correla- 
tions are  implemented  via  the  goodness-of-fit  test. 
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4.2.10  T.ip  Process  B.mk  rross-Corrclalions 

Tlic  dcurcc  ol  coherency  between  any  two  taps  in  a particular  tap  bank  or  in  cross-polari/.ed 
banks  ( i.e..  one  bori/ontal.  the  other  vertical)  is  measured  through  use  of  the  normali/ed  cross-correla- 
tion function;  i.e.. 


- <X(t)  Y*(t  -^)  > _ 

’yi<X(ti  X*(t)XY(t)  Y*(ti>| 


(4-^1 


where. 

X = complex  tap  process  in  either  bank 
Y = complex  tap  process  in  either  bank 
^ = time-lag  variable. 


,\s  an  option.  r'lay  be  evaluated  for  conditions  where  the  means  have  been  removed  or 

are  left  incluiled  m the  X and  Y time  arrays.  In  general,  the  results  should  be  closely  etpiivalent 
except  for  the  case  where  the  specular  tap  contains  a significant  “coherent”  component.  Similar 
options  are  available  for  the  operations  discussed  in  sections  4.2. 1 I and  4.2. 1 2. 


4.2.1  I Tap  I and  Q Dependency 

For  random  rough-surface  scattering  where  the  electromagnetic  wave  undergoes  deep  phase 
modulation  at  the  multipath  interface,  we  expect  that  the  I and  Q components  ol  the  received 
signals  are  statistically  independent.  This  condition  is  explored  by  determining  the  zero-lag  normalized 
correlation  coefficient  between  a tap’s  orthogonal  components;  i.e., 


R|q(0) 


<IQ>  . 
(<I^X0^>|'^’  ’ 


(4-«) 


4 2.12  Tap-(iain  .Autocorrelation  Function.  LKt.J) 

An  estimate’  of  the  channel's  tap-gain  autocorrelation  function.  Uir.O.  is  derived  through 
application  of  the  following  operation. 


’ An  alternate  derivation  of  this  function  may  be  obtained  by  an  inverse  Fourier  transformation  of 
the  StT.J)  lunclion  with  respect  to  the  u>  variable. 
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lkr.(l  = <X^(I»  X*  it-il>  ■ 


v^  Ikto 

T = tid.i>  tap  valiu- 

= a'liipk'N  process  of  tap  t in  hank  X ( i.e  , liori/ontal  or  vertical) 

J = lime-kii:  variahle. 

I his  tiMiction  measures  the  autocorrelation  I'unction  of  the  multipath  process  on  a tap-by-tap 
basis  and  is  available  (magnitude)  as  a three-<limensional  output  plot  from  the  software  package. 

Two  program  options  exist  in  this  algorithm;  ( 1 ) cross-polarized  estimate  of  U(t.J)  and 
(2l  a first-order  noise  effects  removal  from  U(t.J). 

The  cross-polari/ed  estimate  of  U(t.J)  is  calculated  by  replacing  the  conjugated  variable  in 
enuation  (4-d)  with  the  appropriate  Y tap  of  the  hank  containing  the  orthogonal  polarized  return. 

Assuming  the  independence  of  multipath  and  noise,  we  arrive  at  a noise-free  estimate  of  the 
tap-gain  autocorrelation  function.  Up^lr.J).  as  follows: 

N 

l'nr(T.J)  = <X/t)  x;tt -£)  > E <X|(t ) Xf  (t  - J)  > - (4-10) 

i=l 


where  ,X,  is  the  complex  output  of  a multipath-free  tap  (usually  taken  from  a region  of  the  bank 
preceding  the  specular-point  return). 

Tv  pivalK  . <X,(  t ) .X*(  t - J )>  has  significant  energy  only  at  the  zero-lag  value,  and  thus  we 
are  in  essence  removing  an  esiimate  of  the  average  noise  contribution  to  the  { = 0 value  of  the  U(t,J) 
function. 


4.2.13  .System  ( .ilibration  Parameter  Data 

Magnetically  recorded  dat.i  pertaining  to  receiver  system  operation  (i.e.,  direct  and  multipath 
channel  gains,  etc  ).  transmitter  power  amplifier  outputs,  and  aircraft  flight  parameter  descriptors  are 
computer  reduced  to  aid  m the  normalization  of  the  scatter  channel  power  returns.  These  data  also 
serve  as  a data  collection  integrity  measure  and  are  used  primarily  to  augment  the  logged  flight  test 
data 
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4.3  Ml'l.TII’ATH  D.M  H \St 

riio  d.ita  hasc  ik'liviTcd  to  DOI  'TSC  rflativi-  to  tiu.'  imdtiiiath  diannol  charac-tiTi/ation  test 
consists  of  the  following  items: 

a.  lahrary  of  analog  SA(  I’  receiver  source  data  tapes.  These  data  were  recorded  at  the 
N.ASA  ground  station  on  h(i00- or  7200-tt  reels  of  I '2-in.  magnetic  instrumentation  tape 
using  .\nipex  FR-ldOO  and/or  FR-2000  recorders.  The  recorded  data  corresponds  to  the 
unprocessed  data  obtained  from  the  outputs  of  the  SACP  receiver  during  test  conduct. 

b.  Library  of  reformatted  digital  data  tapes  (Dl ),  These  I bOO-bpi  nine-track  digital  tapes 
contain  the  SACP  receiver  output  data  in  computer-compatible  digital  format.  The  tapes 
are  generated  by  the  Boeing  PDP-I  I '45  facility  and  have  a format  as  de  ribed  in  volume 
IV.  section  4.22. 1 . 

c.  Library  of  delay-spectra  time  history  tapes(D3).  These  l600-bpi  nine-track  digital  tapes 
contain  the  delay-spectra  time  history  arrays  computed  by  the  dual  PDP  1 1 '45  computer 
system.  In  most  cases,  the  files  containing  these  data  are  physically  located  on  the  same 
tape  as  the  corresponding  reformatted  digital  data  described  as  Dl  (above).  Tape  formats 
are  described  in  volume  IV,  section  4.22.3. 

d.  Library  of  Splr.tij)  save  tapes  ( D2 ).  Tape  D2  contains  the  computed  noise-present 
estimate  of  the  channel’s  delay-Doppler  scatter  function.  The  tape  format  is  described 
in  volume  IV,  section  4.22.2. 

c.  Library  of  airborne  system  parameter  source  tapes.  These  800-bpi,  seven-track,  computer- 
compatible  digital  tapes  are  recorded  onboard  the  KC'-l  35  aircralt  terminal  using  a 
Kennedy  8707  recorder.  The  tapes  contain  power  level  calibration  data  and  other  infor- 
mation relevant  to  the  test  parameters  during  test  conduct.  Information  content  and  tape 
format  are  described  in  volume  IV,  section  4.23. 

f.  Computer  programs  (card  decks)  and  listings  corresponding  to  the  programs  used  for 
detailed  analysis  of  the  reformatted  multipath  data  (Dl  ) tapes.  Descriptions  of  algorithms 
are  given  in  volume  IV.  sections  3 and  4. 

g.  Computer  programs  (card  ilecks)  and  listings  corresponding  to  the  physical  optics  vector 
scatter  model  described  in  volume  IV,  section  5. 

h.  Punch  paper  tapes  providing  radiation  ilistribution  plots  ol  antenna  range  data  for  the 
front  multipath  antenna  for  various  polarizations  and  pointing  angles. 
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Mr-  lolloRini!  ;Kiditional  data  Ixise  rosiillL’d  from  a subLonIract  to  CNR.  I'’c: 

a.  RWi>rmatti.-d  bOO-bpi,  sfven-track.  multipath  computer-compatible  digital  data  tapes 
generated  I'rom  selected  Boeing  PDP  I I '45,  IbOO-bpi,  nine-track  Dl  tapes. 

b I ransposed  multipath  digital  data  tapes  identified  in  section  5.4.6. 

c.  Sea-state  buoy  800-bpi  seven-track  digital  data  tapes  containing  measured  buoy  variables 
stripped  from  the  analog  buoy  data  source  tapes.  fTapes  correspond  to  data  acquired 
on  January  and  .50,  l‘J75.  plus  .March  25  through  April  2,  l97S.)These  PCM  data 
stripping  operations  used  a capability  e.xisting  at  DOT/TSC. 

d Backup  program  tape  containing  the  programs  utilized  for  sea-state  buoy  data  reduction. 
M-V  correlation  and  statistical  analysis,  and  transpose  and  scattering  function  DRandA. 
The  programs  referred  to  are  those  identified  in  volume  IV,  sections  4.2!  and  appendix  B. 
Programs  can  be  run  on  the  DOT'TSC  PDP  10  in  time-share  or  batch  processing  mode.s. 
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5 OCEANIC  MULTIPATH  TEST  RESULTS 


IVoIh-s  t)l'  iIk'  oo-Miiic  multipath  medium  were  conducted  on  18  separate  occasions  covering  a 
range  ot  elevation  angles  I'rom  3°  to  32°  and  a variety  of  North  Atlantic  sea  conditions.  Results  from 
these  tests  are  presented  to  illustrate  the  delay-Doppler  scatter  function,  outputs  from  Fourier  and 
integral  operation  on  the  scatter  function  te.g..  delay  spectra,  autocorrelation  functions,  total 
scattered  energv),  the  spread  values  of  the  delay  spectra,  Doppler  spectra  and  autocorrelation  func- 
tions, and  characterization  of  the  complex  receiver's  time-domain  statistics.  Most  of  the  documented 
results  pertain  to  the  simultaneous  dual-linear  probe  transmissions  that  have  both  vertical  and  hori- 
zontal polarization  vectors.  ,\  limited  amount  of  data  for  left-  and  right-hand  circular  polarization 
transmissions  are  also  inchuled. 

Linear  polarization  results  are  compared  with  predictions  based  on  surface  integration  of  the 
physical  optics  vector  scatter  miHlel  tdescribed  in  sec  b)  as  applied  to  a very  rough  surface  possessing 
an  isotropic  slope  distribution  of  liie  Gaussian  form.  When  applicable,  the  measured  channel 
parameter;  are  also  compared  with  theoretical  predictions  based  on  “steepest  descent"  solution  to  the 
integral  formulations  that  develop  under  the  closed-form  approach  to  the  channel  characterization. 
Sea-state  measurement  data  was  acquired  for  one  day  during  January  and  for  five  days  during  March 
April  l‘>°5  by  deployment  of  a rather  sophisticated  buoy  sensor.  Results  pertaining  to  this  surface 
characterization  effort  .ire  presented  in  section  (i.  Since  the  sea-state  measurements  and  the  multipath 
tests  were  never  truly  coincident  in  either  time  (several  hours  of  separation  were  typical'  or  location,  a 
one-to-one  comparison  of  experimental  results  and  theory  for  a specific  measured  sea  condition  was 
not  possible.  A range  of  rms  slopes  and  an  assumed  typical  value  were  therefore  used  for  the  hulk  of 
the  correlation  between  experiment  and  theory.  The  measured  sea-state  data  was  used  for  validation 
of  the  range  of  sea-surface  slopes  encountered,  as  well  as  for  validation  of  other  assumptions  relative 
to  sea-slope  distributions. 

As  with  any  remote  electromagnetic  sensing  experiment,  the  spatial  filtering  effects  of  the 
prober  antenna  must  be  taken  into  consideration.  These  effects  are  evaluated  m section  5.ti  for 
selected  data  ensemble  sets  and.  where  possible,  generalized  results  are  applied  to  the  pertinent  section 
of  this  document  Other  e<|uipment  effects  and  limitations  on  channel  characterization  measurements 
are  described  m appendices  A.  H,  and 
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For  oceanic  scatter  at  I -band  freiiuencies,  there  are  scientific  reasons  based  on  the  time-series 
analyses  of  section  5.4  to  believe  that  the  multipath  channel  is  adequately  described  as  a zero-mean 
complex  Gaussian  process.  .Since  the  experimental  lest  conditions  are  processed  in  time  segments  on 


Ilio  orJiT  of  <>  see.  we  may  also  assume  m eeiieral  that  the  effeetive  scatter  reuion  traverses  a surface 
area  over  which  the  si^miMcant  electrical  ami  statistical  physical  parameters  are  relatively  invariant. 

I luler  these  conditions  the  delay-Doppler  scatter  liinclion.  S(t.oj).  completely  characleri/es  the 
statistics  ot  the  channel  (ret  5-1 ).  Sir.ee)  represents  the  power  spectra  density  of  multipath  ener)>y 
arriviii!;  at  the  receiver  with  delay  and  Doppler  fre(|uency  shift.  It  is  derived  by  takinj:  the  Fourier 
translorm  ol  the  complex  delay  lap  processes. 


Several  tundamenlal  observations  have  been  made  relative  to  the  energy  distribution  depen- 
dencies of  S(T.cc)  upon  grazing  angle.'  tdight  direction,  and  polarization.  Typically,  these  functional 
relationships  are  most  easily  discussed  when  the  scatter  function  is  reduced  to  lower  echelon  relation- 
ships such  as  the  Doppler  spectra,  spreads,  etc.  Observations  relative  to  the  lower  order  parameters 
are  found  in  section  5.’.  In  this  section  we  discuss  some  of  the  more  distinct  properties  that  are 
visually  evident  in  the  plots  of  S(t.cj).  Before  discussing  specific  SIt.lo)  observations,  however,  we 
vomment  on  lour  teaiures  ot  the  receiver  data  reduction  procedures  that  are  visible  in  several  of 
the  three-dimensional  plots. 


The  first  leature  relates  to  the  S.ACP  receiver's  two's-complement  arithmetic  dc  bias,  which 
111  the  DRand.A  noise-removal  algorithm  is  removed  on  a statistical  basis  and  thus  exhibits  a residual 
0-Mz  component.  The  residual  component  itself  varies  statistically  on  a tap-by-tap  ba.sis:  however, 
when  integrated  over  the  total  tap  bank,  such  as  for  Doppler-spectra  estimation,  the  overall  effect  is 
observed  to  be  completely  insignificant. 

The  second  characteristic  pertains  to  the  well-known  aliasing  phenomenon  that  occurs  when  a 
signal  IS  undersampled.  This  effect  is  most  pronounced  for  the  high-angle  in-plane  tlight  condition 
where  the  Doppler  freiiuency  I negative)  from  the  subaircraft  side  of  the  specular  point  increases 
rapidly  with  delay  tap  and  (|uickly  exceeds  the  Nyquist  rate  of  the  signakprocessing  algorithms.  (.An 
example  that  illustrates  the  negative  Doppler  energy  being  aliased  into  the  positive-frei|uency  realm 
IS  given  later  in  fig  5-6.) 


fhird.  we  note  that  the  specular-point  return  (i.e..  the  first  multipath  component  to  arrive 
at  the  receiver)  is  not  usually  associated  with  the  beginning  tap  of  the  correlator  bank.-  This  results 


In  tliiv 


document  the  term  grazing  angle  is  used  to  represent  the  local  elevation  angle  associated  with 


the  electromagnetic  wave  as  incident  at  the  specular  point.  It  is  referenced  to  the  local  horizontal 
tangent  plane  and.  lor  synchronous  satellite-to-aircrafl  geometry,  is  to  very  close  approximation 
ei|ual  to  the  elevation  angle  of  the  direct  Ime-of-sight  ray  at  the  airplane. 


< arc  must  be  taken  imt  to  identify  the  difference  between  the  first  tap  and  the  specular-point  tap 
with  the  diUerenlial  delay  between  the  direct  and  multipath  returns  (i.e..  the  intul  tap  hank  is  in 
general  shifted  by  a given  delay  offset  from  the  direct  path  tracks). 
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I'roin  .in  mtention.il  receiver  operiitor  procedure  that  was  carried  out  to  avoid  contamination  of  the 
signal  structure  with  taps  near  tlie  hank  origin  which,  on  occasion,  were  observed  to  malfunction. 

The  specular-pomi  (or  ^ero^delay ) tap  is  identified  by  several  obvious  features.  Specifically,  it  is 
the  first  tap  of  the  bank  to  contain  significant  energy  ( in  fact,  it  is  generally  the  strongest  of  all  taps  I. 
which  m turn  is  dispersed  over  a ver>  narrow  Doppler  range. 

FTnirth.  it  is  well  known  that  the  outputs  from  a periodogram  analysis  such  as  that  used  for 
the  SlT.wt  estimations  do  not  converge  to  their  mean  values  as  the  number  of  input  points  increases. 
To  circumvent  this,  we  use  the  following  three  devices:  a data  input  tapering  window,  a spectral- 
average  sliding  window . and  ensemble  averaging.  Different  configurations  of  these  devices  are.  in 
general,  employed  for  each  set  of  system  parameters.  However,  the  net  effect  usually  provides  us 
with  a smoothed  ^pectra  estimate  by  'iicluding  on  the  order  of  IbO  independent  samples  in  each  output 
point  of  Sir.tcl.  With  the  exception  of  the  ensemble-averaging  procedure,  these  smoothing  techniques 
tend  to  bias  the  distribution  ( i.e..  v.dleys  are  overestimated  and  peaks  are  underestimated)  while  at 
the  same  time  the  estimate’s  rms  uncertainty  is  reduced  to  approximately  8'T  of  the  output  value. 

When  we  operate  on  S(t.cj)  to  obtain  Doppler  spectra,  etc.,  these  biases  and  uncertainties  tend  to  be 
red  need. 

Three-tliinensional  ph  is  of  the  experimentally  derived  scatter  function  are  given  for  a range 
of  test  parameter  permutations  as  outlined  in  the  cross-reference  of  table  5-1 . In  the  associated 
figures  ( figs.  5-1  through  5-12).  the  S(r.tc)  function  is  accompanied  by  its  delay  spectra.  Doppler 
spectra,  and  unidimensional  autocorrelation  functions.  Results  presented  emphasize  horizontal 
polarization  with  m-plane  geometry  ( i.e..  KC-1  35  flying  along  a great  circle  route  directly  toward 


TABLE  5-1.  OCEANIC  MULTIPATH  PARAMETERS:  FIGURE  REFERENCE 


Potari/ation 

Elevation 

angle, 

deg 

Flight 

direction 

Figure 

Hori?ontal 

31 

In-plane 

5-1 

Horizontal 

21 

In-plane 

5 2 

Horizontal 

16 

In-plane 

5-3 

Horizontal 

10 

In-plane 

54 

Horizontal 

7 

In-plane 

5-5 

Vertical 

31 

In-plane 

56 

Vertical 

16 

In-plane 

5-7 

Vertical 

10 

In-plane 

5-8 

Horizontal 

18 

45“  heading 

59 

Horizontal 

12 

45°  heading 

5 10 

Horizontal 

21 

Cross-plane 

5 11 

Horizontal 

11 

Cross  plane 

5 12 

5 -.3 


Figure  5 1.  Oceanic  Multipath  Parameters  — Horizontal  Polarization,  31°  Grazing  Angle,  In  Plane  Geometry 


Figure  5 4.  Oceanic  Multipath  Parameters  — Horizontal  Polarization,  10"  Grazing  Angle,  In  Plane  Geometry 


Figure  5-5.  Oceanic  Multipath  Parameters  - Horizontal  Polarization,  7°  Grazing  Angle.  In-Plane  Geometry 


Figure  5-6.  Oceanic  Multipath  Parameters  - Vertical  Polarization,  31°  Grazing  Angle,  In-Plane  Geometry 


Figure  5-7.  Oceanic  Multipath  Parameters  — Vertical  Polarization,  16°  Grazing  Angle,  In-Plane  Geometry 


Angle,  In-Plane  Geometry 


Figure  5- 10.  Oceanic  Multipath  Parameters  — Horizontal  Polarization,  12^  Grazing  Angle,  45°  Heading 


Oceanic  Multipath  Parameters  — Horizontal  Polarization,  1 1°  Grazing  Angle,  Cross-Plane  Geometry 


ATS-0)  since  these  conditions  I'urnisli  the  highest  sign:il-to-noise  fidelity  and  represent  the  preferred'^ 
/light  Jircction.  To  provide  estimates  of  the  grazing  angle  dependence,  these  data  are  given  for  a 
series  of  elevation  angles  ranging  from  30°  to  7°.  A somewhat  smaller,  yet  representative,  sample 
selection  is  used  to  illustrate  the  inlluence  of  polarization  and  tlight  direction  on  the  scatter  function 
char.icteristics. 

rile  lack  of  a sufficiently  hroad  collection  ha.se  of  nearly  simultaneous  ( to  the  electromagnetic 
probes)  sea-surface  characterization  measurements  makes  it  impossible  to  furnish  experimental  results 
that  delineate,  in  a one-to-one  manner,  the  effects  of  the  surface’s  slope  distribution  upon  S(r.co). 
However,  this  inlluence.  which  is  known  to  be  rather  significant,  is  well  demonstrated  in  the  model 
emulation  results  presented  in  section  6. 

Referring  to  the  figures  delineated  in  table  5-1 . we  begin  by  noting  that  the  scatter  function’s 
energy  distribution  in  the  Doppler  variable  coordinate  exhibits  a pronounced  dependence  upon  the 
direction  of  the  aircraft’s  velocity  vector.  For  cross-plane  tlight  directions  I i.e.,  KC'-l  35  tlying  broad- 
side to  ATS-6  direction).  S(t.u))  possesses  a high  degree  of  Doppler  coordinate  symmetry,  the  bias 
toward  a slightly  higher  energy  content  in  the  positive-freipiency  realm  may  be  attributed  to  a 
physical  constraint  that  prevented  the  antenna  from  being  pointed  in  the  broadside  direction  (i.e.. 
pointed  80°  off  the  nose  as  opposed  to  the  optimum  ^10°  ) and  to  nose-bulkhead  shielding  effects  on 
the  front  multipath  antenna  for  this  tlight  geometry.  On  the  other  hand,  for  the  45°  and  in-plane 
velocity  direction,  the  asymmetry  of  the  scatter  function  becomes  increasingly  significant  In  tact, 
for  the  in-plane  case  we  note  that  as  the  delay  tap  number  increases,  the  negative-frequency  dispersion 
of  a particular  tap’s  Doppler  spectrum  increases  accordingly  whereas  the  positive-frequency  range  is. 
in  comparison,  rather  limited  and  has  a bandwidth  relatively  invariant  from  tap  to  tap.  We  also  note 
that  for  a particular  in-plane  delay  tap  (r)  the  resultant  Doppler  spectra  has  two  very  distinct  spectral 
“humps”  that  correspond  to  the  upper  and  lower  frequency  limits  over  which  physically  possible 
multipath  is  returned.  These  aircraft  heading  dependencies  are  in  agreement  with  the  model-predicted 
results  of  section  6;  as  outlined  there,  we  may  ascribe  the  spectral  “humps"  of  the  in-plane  data  sets 
to  the  following  two  factors: 

a.  For  in-plane  flight  directions,  the  surface  elements  responsible  for  returning  energy  into 
the  upper  and  lower  Doppler  limits  of  a particular  delay  tap  lie  along  the  great  circle 
path  joining  the  subaircraft  and  subsatellite  points  and  thus  may  be  shown  to  have  a 


•^referred  in  the  sense  that  ( I ) for  in-plane  geometry  the  probing  antenna  is  more  isotropic  than  it 
is  for  other  azimuthal  pointing  angles  and  (2)  symmetry  conditions  that  exist  only  for  in-plane 
direction  of  flight  may  he  exploited  to  overcome  the  2-into-l  surface  mapping  operation  which 
allows  antenna  spatial  filtering  effects  to  be  removed,  as  described  in  section  5.b.  Additional  dis- 
cussion of  the  scatter  geometry  and  the  associated  mathematical  expressions  are  given  in  relerences 
5-2  through  5-5. 
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MpnilKantly  larger  scatter  cross  section  than  any  of  the  other  elements  that  return 
energy  into  the  delay  tap, 

h.  The  second  and  perhaps  more  important  factor  is  a consequence  of  the  large  area 
(maximum  for  each  tap)  that  gets  mapped  into  the  extremities  of  a particular  tap's 
Doppler  spectrum.  This  occurs  since  the  delay  contour  and  its  maximum  Doppler  shift 
contours  have  tangential  intersection.  Mathematically,  tliis  is  equivalent  to  the  Jacobian 
(ref  5-1  ) of  the  transformation  from  surface  spatial  coordinates  to  the  delay-Doppler 
coordinates  of  the  receiver  becotning  maximum. 

The  phenomenon  described  in  item  b above  is  valid  for  all  flight  test  directions;  however,  as  the 
direction  moves  increasingly  away  from  the  in-plane  case,  the  tangential  intersections  between  the 
delay  contours  and  their  extreme  Doppler  contours  move  further  away  from  the  great  circle  path 
and  are  accordingly  associated  with  reduced  scatter  cross  section  (i.e.,  we  have  a tradeoff  condition 
between  area  intercept  and  the  attendant  scatter  cross  section).  For  the  low  delay  tap  values  associated 
with  the  45°  and  cross-plane  heading  cases,  we  are  able  to  observe  that  the  area  intercept  factor  out- 
weighs the  reduced  scatter  cross  section  and  produces  a distribution  tending  to  be  heavy  tailed.  The 
opposite  conclusion  appears  to  be  true  for  the  large  delay  tap  values. 

With  respect  to  the  grazing  angle  dependence  of  SiT.to).  one  observes  a dctinite  decrease  in 
Doppler  dispersion  for  a decrease  in  grazing  angle.  A decrease  in  grazing  angle  is  also  accompanied  by 
an  incre;(se  in  the  asymmetry  properties  of  the  in-plane  scatter  lunction.  This  factor,  in  turn,  is 
responsible  for  increasing  the  dissi(nilarities  between  the  alternate  (light  direction  S(r.a))  lunctions 
as  the  grazing  angle  decreases.  Note  that  for  an  upper  grazing  angle  iimit  of  40°  the  scatter  function 
will  not  be  intluenced  by  the  direction  of  the  (light  velocity  vector. 

To  properly  interpret  the  in-plane  low-angle  Doppler  spectra  characteristics  (see  secs.  5.2.4 
and  5..1.3),  it  is  important  to  note  the  bw-grazing-angle  behavior  of  S(t.u))'s  positive-frequency 
spectra  “humps.”  Referring  to  figure  5-5.  for  example,  we  observe  that  the  scatter  function’s  positive- 
frequency  shoulder  quickly  becomes  asymptotic  to  a relatively  low-frequency  Doppler  value.  Thus 
all  returns  witli  signitlcant  energy  from  the  subsatellite  side  ot  the  specular  point  have  nearly  identical 
Doppler  shifts  and  produce  a resultant  composite  signal  Doppler  spectrum  with  a very  pronounced  peak 
density. 


The  capability  to  simultaneously  conduct  horizontal  and  vertical  polarization  surface  probes 
allows  one  to  draw  comparisons  between  the  two  probes  under  identical  surface  conditions.  ,\  visual 
analysis  of  the  appropriate  data  sets  of  table  5-1  reveals  that  the  vertical  and  horizontal  Str.oj) 
functions  have,  with  the  exception  of  their  absolute  magnitudes,  distributional  shapes  that  are  quite 
similar.  For  the  lower  grazing  angle  condition  (e.g..  compare  figs  5-4  and  5-8).  we  are  able  to  discern 
that  the  relative  weighting  between  a tap's  negative  and  positive  Doppler  returns  is  larger  for  the 
vertical  polarization  data  than  it  is  for  the  horizontal  polarization  counterpart.  This  phenomenon. 
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prcitii.tal  In  the  nuKlel  results  of  section  6 (see  fijis  (i-l  and  is  produced  hy  the  fact  that  as  the 

scatter  elements  niove  toward  the  suhaircraft  location  (i.e..  negative  Doppler  returns),  their  local  eleva- 
tion angles  increase  as  opposed  to  a decrease  for  locations  progressively  closer  to  the  suhsatellite 
location.  Since  the  vertical  reflection  coefficient  ( for  grazing  angles  greater  than  the  Brewster  angle) 
increases  with  an  increase  in  grazing  angle  whereas  the  horizontal  polarization  coefficient  is  relatively 
constant,  this  condition  results  in  the  negative  Doppler  return  for  a particular  tap  having  a larger  ratio 
ot  vertical-to-horizontal  scattered  energy  than  the  positive  Doppler  returns.  For  obvious  reasons  we 
refer  to  this  phenomenon,  discussed  further  in  section  5.2.6.  as  “Brewster  angle  fill-in.” 

In  section  5.6  estimates  of  the  prober  antenna’s  spatial  filtering  characteristics  are  derived. 

Due  to  mapping  ambiguities  associated  with  forward-scatter  propagation,  these  effects  can  be 
removed  only  for  the  in-plane  geometry  flight  direction  vectors.  For  the  higher  grazing  angle  condi- 
tions. the  antenna's  spatial  filtering  effects  on  the  S(T,to)  function  were  found  to  be  small  enough 
to  be  neglected.  However,  at  the  low  end  of  the  grazing  angle  test  conditions  (=  7°).  the  antenna 
characteristics  are  such  that  the  negative-freciuency  return  at  the  Doppler  extremities  (i.e..  the  spectral 
humps)  is  accentuated  with  respect  to  the  specular-point  return  by  as  much  as  20''7 . the  positive- 
frequency  spectral  shoulder  is  attenuated  by  roughly  the  same  percentage.  This  justifies  the  antenna- 
effects-reinoval  algorithm  described  in  section  5.6. 


5.2  IMIGR.AI  A.NDFOURIFROPFR.ATIONSON  THE  S(r.to)  FUNCTION 

To  obtain  an  alternate  representation  and  in  some  cases  an  easier  interpretation  of  the  multi- 
path  scatter  characteristics,  we  subject  the  delay-Doppler  scatter  function  to  a variety  of  integral  and 
Fourier  operations  that  yield  the  following  channel  parameter  estimates: 

Joint  time-fre<|uency  autocorrelation  function 
Delay  spectra 

Frequency  autocorrelation  function 
Doppler  spectra 
Time  autocorrelation  function 
Total  rms  scattered  energy. 

These  data  are  related  to  the  S(r.w)  function  via  the  mathematical  expression  illustrated  in 
section  4.2. 
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5.2,1  I ime-f-ro<|iionc\  Autocorrckition  I'lmcijoii;  R(J.12) 


R({.S2)  is;i  loniplex  ijiuntjly  representing  the  degree  ol  correlation  between  two  received 
carriers  separated  In  S2  hertz  and  transmitted  over  the  samp. propagation  paths  ^ seconds  apart. 

As  stated  m section  4.2.  we  derive  this  channel  parameter  through  a double  inverse  Fourier  trans- 
tormation  operation  on  the  experimental  S( t.ui)  lunction.  Hence  R(J,F2)  and  S(t.cj)  are  equivalent 
as  tar  as  their  order  of  measurement  degree  is  concerned.  However,  from  the  standpoint  of  relating 
the  multipath  results  to  surface  characteris'ics  and  scatterer  location,  the  Slr.cu)  function  is  in  most 
respects  preterred  to  the  Joint  autocorrelation  distribution.  For  this  reason  the  major  emphasis  of 
the  high-echelon  data  analysis  has  been  direc'  I toward  characteri/.ation  in  terms  of  the  delay- 
Doppler  scatter  function.  The  extension  from  this  (r.tu)  domain  to  the  (^,J2l  domain  may  be  easily 
estimated  thnni.gh  use  of  the  well-known  input  output  Fourier  transform  relationships.  To  illustrate 
the  interdependence  between  the  two  domains,  we  present  data  for  mid- and  low-graz.ing-angle 
conditions  in  combination  with  in- and  cross-plane  night  directions.  For  each  combination  of  system 
parameters,  both  the  R({.J2)  and  Str.cj)  functions  are  given.  These  data  are  found  in  figures  5-1  3 
through  5-1(1.  For  the  in-plane  geometry  conditions,  the  R(J,r2)  distribution  is  quite  asymmetrical; 
two  alternate  points  ol  view  have  therefore  been  included  for  these  cases. 

To  relate  the  experimental  results  of  this  section  to  theoretical  model  expectation,  we  make 
reference  to  figures  6-21  and  6-22  of  section  6.3.  Because  many  of  the  system  parameters  of  the  two 
data  sets  are  not  in  exact  correspondence  (e.g.,  grazing  angle,  sea  slope,  antenna  pattern‘d),  a direct 
correlation  between  experiment  and  theory  cannot  be  made.  However  it  is  apparent  that  the  major 
characteristics  ol  the  multipath  measurement  results  are  in  general  accord  with  the  model  predictions. 

As  indicated  from  figures  5-13  and  5-14.  for  example,  we  observe  that  the  R({,F2)  amplitude 
distribution  is  signil  ic.intly  innuenced  by  the  direction  of  the  Hight  test  vector.  Corresponding  to  the 
s>inmetr\  properties  of  the  .Slr.ui)  function,  we  note  that  the  cross-plane  RIJ.J2)  function  is  quite 
symmetrical  whereas  the  in-plane  estimate  illustrates  a definite  asymmetrical  characteristic  in  the  J 
variable.  In  particular,  the  in-plane  Rl^.J2)  distribution  for  a given  nonzero  fre(|uency  lag  is  observed 
to  possess  a definite  maximum  that  does  not  coincide  with  the  zero  time  lag  value.  Furthermore,  the 
i location  of  this  local  maximum  is  seen  to  increase  with  an  increase  in  frequency  separation. •’  For 
time  lags  greater  than  the  local  maximum,  the  Rt{.J2)  function  has  a precipitous  decay  to  a level 


“^Ihe  experimental  results  w'ere  derived  from  the  noise-removed,  antenna-pattern-present  version  of 
the  S(T.u))  function 

^Inspection  ot  e(|uation  14-1 1,  which  relates  R(^.J2)  to  S(t.cj).  reveals  the  following  property  of 
symmetry  R({.S2)  = R*  (-{,-S2t.  Hence,  tor  negative-treciuency  lags  the  Rl^.H)  maxima  will  be 
associated  with  a neealive  time  separation 
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Figure  5-15.  Low-Angle  R(^,n)  Distribution  — 14°  Grazing  Angle,  In-Plane  Geometry 


Figure  5-16.  Low-Angle  il)  Distribution  — 15°  Grazing  Angle,  Cross-Plane  Geometry 


roufiily  a|uivak'nl  lo  the  value  at  its  mirror  image  location  on  the  negative  side  ot  the  axis.  Using 
I'asic  Fourier  transtorm  properties,  one  can  relate  this  ridgelike  Rtf.li)  structure  to  the  negative- 
lrei|uenc\  shoulder  ot  the  lunction’s  S(r.tu)  counterpart.  The  positive  S(t.co)  Doppler  shoulder, 
which  runs  in  a nearly  parallel  direction  to  the  delay  axis,  may  he  show'll  to  produce  the  nearly  sym- 
metrical underlying  distrilnition  in  the  lunction  (see.  for  example,  tig.  .S-lSi. 

Under  isotropic  surface  and  antenna  illumination  conditions,  one  expects  that  Slr.tu)  will 
he  highly  symmetrical  with  respect  to  the  Doppler  variable  for  cross-plane  geometry.  Hence  equation 
(4-1  I predicts  that 


|R(tf2)l  = |R(  -£,n)l  . 


In  general,  the  cross-plane  experimental  results  of  figures  5-1 4 and  5-1  6 substantiate  this 
symmetry  relationship,  with  the  observed  slight  departures  most  likely  due  to  antenna  influence  on 
the  S(r.ui)  function.  This  antenna  perturbation  (discussed  in  sec  5.1 ) in  general  provides  more 
favorable  cross-plane  illumination  to  the  positive  Doppler  returns.  The  noticeable  difference  in  the 
structure  of  R(^.FD  between  the  experiment  and  model  for  large  S2  separations  is  also  thought  to 
arise  from  the  nonuniform  antenna  pattern  illumination  (i.e..  comparing  figs.  5-14  and  6-22.  we 
observe  that  for  cuts  involving  the  extreme  values  of  the  model  function  has  peak  density  at  the 
U = 0 value  whereas  the  experimental  distribution  peaks  at  a value  offset  from  the  axis). 

Finally,  we  note  that  an  axial  cut  along  $ = 0 through  R(^,J2)  (equivalent  to  the  channel’s 
frequency  autocorrelation  function)  produces  similar  distributions  for  the  in-plane  and  cross-plane 
geometry  cases.  1 his  is  to  be  expected  since  R(0,S2)  is  related  entirely  to  the  delay  spectrum,  which 
is  independent  of  flight  direction  and.  as  shown  in  the  following  section,  is  also  relatively  unintluenced 
by  the  grazing  angle  parameter. 


5.2.2  Delay  Spectra  0(t) 

Fstimates  of  the  multipath  delay  spectra,  Q(r),  are  obtained  by  integrating  the  “noise-removed" 
delay  Doppler  scatter  function  over  the  Doppler  variable.  Thus  Q(t)  represents  the  power  spectral 
density  ot  the  scattered  signal  component  that  arrives  at  the  receiver  with  delay  r.  In  this  report  we 
select  the  specidar-point  return  as  the  zero  reference  value,  A comprehensive  set  of  experimentally 
derived  delay-spectra  distributions  is  contained  in  the  data  sets  used  for  the  S(t.w)  discussion;  these 
data  may  be  related  to  system  parameters  through  use  of  table  5-1 . In  turn,  the  experimental  delay- 
spectra  results  may  be  compared  with  theoretical  expectation  through  the  figure  cross-reference 
contained  in  table  6-1 . 
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An  obvious  vliuracteristic  of  the  delay-spectra  measurements  is  the  very  small  amount  of 
observed  llipht  direction  or  erasing  angle  inlluence  on  the  energy  distribution.  The  flight  direction 
independence  is.  of  course,  expected.  Relative  to  the  grazing  angle  effects  on  the  delay  spectra,  we 
note  that  for  a constant-surface  slope  condition  the  model  predictions  (both  spectra  and  spreads)  of 
section  b similarly  predict  a relatively  small  influence. 

Prober  polarization  influences  on  the  reflection  process  are  observed  to  produce  delay  spectra 
for  vertical  polarization  that  are  much  heavier  tailed  than  their  horizontal  polarization  counterparts. 
FTirthermore.  this  effect  becomes  more  significant  as  the  grazing  angle  decreases  and,  as  illustrated  in 
section  5.1 . is  related  to  the  phenomenon  of  Brewster  angle  fill-in. 

A comparison  of  the  experimental  data  with  the  theoretically  predicted  delay  spectra  of 
section  6 reveals  that  the  above  observations  are  fairly  well  duplicated  by  the  model.  In  general,  the 
model  results  appear  to  exhibit  the  greatest  degree  of  similarity  to  the  measured  spectra  for  the 
assumed  sea-slope  condition  of  6°.  For  example,  compare  the  delay  spectrum  of  figure  5-1  with  that 
of  figure  6-4  (which  represents  the  6°  slope  case)  as  opposed  to  figures  6-3  and  6-5  )which  pertain  to 
the  I 2°  and  3°  slope  predictions,  respectively). 

The  effect  of  the  prober  antenna’s  spatial  filtering  characteristics  is  discussed  in  section  5.6. 

In  general,  the  antenna-induced  perturbation  on  delay-spectra  measurements  is  relatively  insignificant 
over  the  bulk  of  the  distribution  ( i.e..  for  the  low-  and  high-grazing-angle  conditions  analyzed,  the 
antenna-induced  perturbations  at  a spectral  density  10  dB  down  from  the  specular-point  tap  are 
shown  to  be  3'~i  and  ''i.  respectively), 

5.2.3  Frequency  Autocorrelation  Function:  RI0.J2) 

The  frequency  autocorrelation  function,  R(O.n),  represents  the  degree  of  correlation  between 
two  received  signals  separated  by  H hertz  and  traversing  identical  paths  through  the  channel.  In 
this  rep<jrt  the  direct  line-of-sight  signal  component  is  excluded  and  thus  RfO.m  is  obtained  in  a 
straightforward  manner  by  taking  the  inverse  Fourier  transform  of  the  multipath  delay  spectrum. 

■ Again  we  refer  to  table  5-1  for  a delineation  of  the  sample  R(0,S2)  results  presented  and  their 

corresponding  system  parameters. 

As  for  the  delay-spectra  characteristics,  we  observe  that  the  magnitude  of  R(O.fl)  exhibits 
• almost  no  dependence  on  aircraft  heading  or  system  grazing  angle.  Theoretically,  aircraft  heading 

should  have  no  influence  on  the  delay  spectra  or  the  frequency  autocorrelation  function.  These 
results  are  in  accord  with  the  model  predictions  of  section  6 under  the  constraint  of  a constant-sea- 
surface  rms  slope. 
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ProluT  polarization  is  observed  to  have  by  far  the  most  significant  effect  on  the  frequency 
autocorrelation  function,  witli  the  horizcmtal  results  being  heavier  tailed  than  their  vertical  polariza- 
tion counterparts.  The  extent  of  this  effect  is  seen  to  increase  for  a decrease  in  grazing  angle.  Again 
these  results  are  in  agreement  with  the  model  predictions  of  section  6 and  are  directly  related  to  the 
observed  polarization  effects  on  the  delay  spectra  (vertical  polarization  spectra  are  heavier  tailed  than 
the  horizontal  results),  which  in  turn  are  related  to  the  phenomenon  of  Brewster  angle  vertical  polari- 
zjition  fill-in. 

Prober  antenna  spatial  filtering  perturbations  on  the  frequency  autocorrelation  function  are 
rather  minimal  both  for  the  high-  and  low-grazing-angle  conditions  (see  sec.  5.6), 


5,2.4  Doppler  Spectra;  D(w) 

A Doppler  frequency  shift  is  induced  upon  the  individual  components  of  a scattered  signal 
when  a relative  motion  exists  between  the  rough  surface  and  the  transmitter/receiver  tenninals.  In 
general  this  frequency  shift  is  expressed  as  the  sum  of  two  terms,  one  arising  from  the  surface  dy- 
namics and  the  other  being  due  to  terminal  motion  relative  to  the  instantaneously  static  surface.  In 
our  case  the  ATS-6  satellite  is  stationary  and  the  velocity  of  the  KC-135  jet  airplane  is  sufficiently 
large  to  consider  the  oceanic  surface  to  be  frozen.  Hence  the  Doppler  shift  associated  with  a particular 
surface  scatter  element  is  a function  only  of  aircraft -oriented  system  parameters.  As  previously  out- 
lined in  section  4.2.  we  obtain  an  estimate  of  the  total  scattered  signals’  Doppler  power  spectral  density. 
D(w).  by  integrating  the  S(t,cj)  function  over  its  delay  variable.  The  Doppler  coordinate  variable. 

CO,  is  established  relative  to  the  frequency  of  the  direct  line-of-sight  signal.  For  cross-plane  Right 
directions,  this  reference  is  identical  to  the  specular-point  Doppler  shift;  for  in-plane  directions,  a 
differential  Doppler  on  the  order  of  4 Hz  exists  between  the  specular  point  and  direct  signal  paths. 

Sample  Doppler  spectra  for  a variety  of  experimental  conditions  cross-referenced  in  table  5-1 
are  given  in  figures  5-1  through  5-12. 

1 he  experimental  Doppler  spectra  distribution  may  be  compared  with  the  theoretical  model 
predictions  of  section  6.  A visual  correlation  of  the  two  data  sets  reveals  that  the  model  results,  as 
evaluated  under  the  6”’, slope  a.ssumption  (and  for  some  cases  the  12°  slope  condition),  closely 
emulate  the  experimental  spectra.  The  experimental  data  sets  show  that  the  channel's  Doppler 
spectrum  is  very  dependent  upon  grazing  angle  and  llight  direction  system  parameters.  As  would  be 
expected  from  the  corresponding  S(t.w)  distribution,  the  Doppler  spectrum  is  highly  symmetrical 
for  the  cross-plane  Right  geometries  (equipment-induced  asymmetries  were  discussed  in  sec.  5.1) 
and  resembles  a zero-mean  (iaussian  distribution  whose  variance  decreases  with  a decrease  in  grazing 
angle.  These  characteristics  also  apply  fairly  well  to  the  45°  Right  direction;  however,  there  is  a 
tendency  for  the  negative-spectra  realm  to  be  slightly  more  dispersed  and  thus  heavier  tailed  than  the 
positive  region. 


On  the  other  hand,  tor  tlic  in-plane  flight  direction  the  Doppler  spectrum  is  highly  asymmetric, 
with  the  distribution  being  very  heavy  tailed  in  the  negative-frequency  region  and  possessing  a spectral 
maximum  that  coincides  closely  with  a frequency  upper  limit  in  the  positive  Doppler  realm  above 
which  the  energy  distribution  has  a precipitous  fall  off.  Comparing  figures  5-2  through  5-5  reveals 
that  these  in-plane  geometry  attributes  become  increasingly  pronounced  as  the  grazing  angle 
decreases.  In  fact,  at  the  lower  grazing  angle  values  (e.g.,  fig.  5-5)  we  note  that  the  Doppler  spectnim 
has  an  extreme  high-density  peak  at  a very  low  positive  Doppler  value  above  which  no  energy  exists 
and  an  exponential-like  decay  for  the  energies  whose  frequencies  lie  below  the  Doppler  upper  limit. 

As  will  be  shown  in  section  5.3.3.  this  phenomenon  results  in  very  low  Doppler  spread  measure  for 
the  low-angle  in-plane  geometry  conditions. 

With  respect  to  the  Doppler  spectrum’s  in-plane  geometry  polarization  characteristics,  it  may 
be  observed  that,  especially  for  the  low-grazing-angle  conditions,  the  vertical  polarization  results 
have  a significantly  higher  percentage  of  energy  in  the  negative-frequency  portion  of  their  distribu- 
tions than  do  the  corresponding  horizontal  polarization  data  (e.g.,  compare  figs.  5-4  and  5-8  ).  The 
Brewster  angle  fill-in  phenomenon  that  produces  this  result  is  also  observed  for  the  model  prediction 
and  is  discussed  in  sections  5.1  and  6.2  of  this  document. 

Unlike  the  results  for  the  delay  spectrum,  the  antenna  pattern  influence  on  the  Doppler 
spectrum  is  shown  in  section  5.6  to  be  significant  enough  to  merit  consideration.  Specifically,  for 
. the  in-plane  flight  geometry  case  we  expect  that  as  the  grazing  angle  decreases  the  Doppler  spectrum 

will  be  subjected  to  an  overestimation  bias  in  the  central  portion  of  its  negative-frequency  realm. 

This  implies  that  a region  on  the  subaircraft  side  of  the  specular  point  receives  more  antenna  gain 
than  is  directed  toward  the  specular  point  because  of  the  antenna  beam  pointing  factors  discussed  in 
section  5.6.  As  a (juantitative  measure,  the  low-angle  (7°)  in-plane  Doppler  spectrum  for  a typical 
, case  is  predicted  to  be  biased  by  roughly  + \07r  at  its  spectra  mid-decile  level  and  -t309f  at  its  lower 

decile  level.  ' 

5.2.5  Time  Autocorrelation  ETinction;  R(|^0) 

— ^ R(J,0).  the  time  autocorrelation  function  of  the  multipath  channel,  represents  the  degree  of 

correlation  between  two  received  signals  that  arrive  at  the  receiver  after  being  transmitted  as  cw 
signals  with  identical  frequencies  but  offset  in  time  by  J seconds.  We  restrict  our  attention  entirely 
to  the  multipath  component  of  the  channel  and  thus  obtain  the  R($.0)  estimate  by  performing  an 
" inverse  Fourier  transform  on  the  scattered  signals’  Doppler  spectrum.  Experimental  results  from  this 

analysis  for  a variety  of  test  conditions  outlined  in  the  cross-reference  of  table  5-1  are  presented  in 
figures  5-1  through  5-1  2.  For  comparison  with  theoretical  model  prediction,  refer  to  the  data  sets 
associated  with  table  6-1. 
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From  fxampifs,  we  observe  that  the  R(f.O)  distribution  has  eiiaraeleristic  dependencies 
upon  aircraft  heading,  grazing  angle,  and  probe  polarization.  While  the  intluence  ol  the  aircralt’s 
night  vector  direction  is  noticeable,  it  is  not  nearly  as  distinct  as  it  is  for  R(J,0)’s  Fourier  transform, 
the  Doppler  spectrum.  In  general  we  note  that  the  in-plane  Hight  direction  produces  a time  auto- 
correlation function  that  appears  to  be  heavier  tailed  than  its  cross-plane  counterpart. 

As  expected,  the  elevation  dependence  of  R(J,0)  is  seen  to  produce  an  increase  in  spread 
for  a decrease  in  grazing  angle.  Also,  as  would  be  predicted  from  the  Doppler  spectra  measurements, 
the  horizontal  and  vertical  polarization  R(f.O)  results  become  increasingly  dissimilar  as  the  grazing 
angle  decreases,  with  the  horizontal  results  exhibiting  a much  slower  decay  than  their  vertical  polari- 
zation counterparts. 

In  general  the  model  emulation  of  section  6 duplicates  the  above  observations  to  a fairly  high 
degree.  As  for  the  other  unidimensional  channel  distributions,  the  degree  of  correlation  between  the 
experimental  and  theoretical  time  autocorrelation  functions  appears  to  be  the  highest  when  the  sea 
slope  is  chosen  to  be  6°  or  somewhat  higher  (for  example,  compare  fig.  5-1  with  fig.  b-4). 

I he  effects  of  antenna  spatial  filtering  on  the  in-plane  R({.0)  estimates  are  given  in  section 
5.6.  The  high-angle  data  is  relatively  uninfluenced  by  Ihe  antenna  pattern,  whereas  the  low-angle 
data  exhibits  effects  that  are  consistent  with  the  observed  effects  on  the  Doppler  spectrum.  In  other 
words,  the  Doppler  spectra  overestimation  produced  by  the  antenna  perturbation  is  translated  into  a 
time  autocorrelation  function  effect  that  causes  the  distribution  to  decay  too  rapidly  (roughly 
at  the  origin). 
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5.2.6  Total  RMS  Scattered  Energy 

To  relate  the  intensity  of  Ihe  multipath  scatter  process  to  a i|uantitative  measure,  the  channel 
mean  square  scatter  coefficient  (!’)  has  been  derived  for  both  horizontally  and  vertically  polarized 
data.  The  term  F , defined  as  the  ratio  of  total  energy  scattered  into  the  receiver  relative  to  the 
energy  incident  upon  t'le  surface,  is  obtained  from  the  following  fonnulation: 


_ <111^  > 
<ID1^  > 
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(5-1) 


= mean  s<|uare  multipath  power  obtained  by  integrating  .Slr.tu)  over  its  delay 
and  Doppler  variables 
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where: 
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<ID|^>  = mean  square  direct-path  signal  obtained  by  coherently  summing  the  “direct” 

tap  outputs  to  form  a composite  signal,  which  in  turn  is  subjected  to  a mean 
s<juare  calculation 

= adjustment  factor  to  account  for  direct  and  indirect  channel  gain  differences, 
etc. 

In  calculating  Gjj/G|.  the  following  factors  (expressed  in  decibels)  are  included: 


Gq  Gi  = Pd  p,  + Ap/A,  + Lpo,  + GRXp/GRX,  + GLPFd/GLPF,  + L,v  + (5-2) 


where 

PD'Pi 


Ad/ A I 


^'pol 

GRXd  GRX| 
GI.PFd /('>I-PF| 


ratio  of  direct  power  to  indirect  power  as  delivered  to  the  inputs  of  the 
transmitting  antennas  (includes  line  losses  etc.) 

ratio  of  direct  signal  antenna  gain  to  multipath  signal  antenna  gain.  The 
multipath  antenna  gain  is  taken  to  be  equivalent  to  the  gain  directed 
toward  the  specular  point  of  the  surface.  This  should  not  introduce  an 
appreciable  error  due  to  the  relatively  broad-beam  characteristics  of  the 
antenna  and  the  capability  for  pointing  it  toward  the  effective  glistening 
area  of  the  surface.  For  the  quad-helix  direct  antenna,  a gain  of  I 5.2  dB 
was  used  when  the  elevation  angle  of  the  antenna  relative  to  the  tangent 
plane  on  the  skin  of  the  aircraft  was  greater  than  I 2°.  For  smaller  angles, 
the  aircraft  skin  effects  influence  its  beam  shape,  and  calibration  measure- 
ment data  obtained  from  up-look  modes  of  the  flight  test  scenarios  were 
used  to  obtain  the  following  empirical  relationship:  Ad  = 15.2  dB  + 

(O'  - 12°)  (0.65)  dB;  where  O'  = elevation  angle  of  quad  helix  relative 
to  its  local  ground  plane. 

a 3-dB  adjustment  factor  to  account  for  polarization  mismatches  at  the 
satellite  ( i.e..  ATS-6  has  RHC,  quad  helix  has  RHC.  and  multipath  antenna 
has  linear  polarization) 

ratio  of  receiver  direct  to  indirect  channel  gain,  obtained  in  a data  analy- 
sis program  module  that  operates  on  the  SACP  system  parameters  embed- 
ded on  the  data  tape  containing  the  receiver  time-domain  samples 
the  ratio  of  the  receiver’s  low-pass  filter  gains  for  the  direct  and  indirect 
channels.  This  parameter  is  derived  from  the  SACP  filter  coefficients 
and  includes  a factor  to  account  for  the  filter  mode,  such  as  “zero-stuff," 
when  applicable  ( i.e..  at  1 0-MHz  chip  rate  and  300-Hz  bandwidth,  GLPFd/ 
GLPF'i  = 14.8  dB,  whereas  at  5-MHz  chip  rate  and  300-Hz  bandwidth  (a 
zero-stuff  mode  for  the  indirect  channel)  it  equals  20.8  dB) 
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an  adjustment  factor  necessitated  by  the  fact  that  the  <|l|^>  estimation 
technique  is  in  essence  equivalent  to  an  incoherent  power  summation  of 
the  delay  tap  outputs.  This  summation  does  not  give  a tnie  estimate  of 
the  total  energy  content  because  ( I ) adjacent  taps  one  chip  apart  have  a 
realm  of  commonality  in  the  delay  area  over  which  their  autocorrelation 
functions  are  nonzero  and  (2)  the  autocorrelation  function  of  the  probing 
signal’s  PN  sequence  is  not  uniform  over  a chip  width  but  for  the  continuous 
analog  case  has  triangular  distribution  with  a peak  equal  to  the  sequence 
length  and  a base  equal  to  -1  at  locations  ±1  chip  from  the  center. 

Assuming  the  multipath’s  delay  spectrum  is  piecewise  constant  over  a chip 
width,  the  above  effects  are  calculated  to  yield  L|2;  values  of  1 .7,  1 .25, 
and  0 dB  for  prober  chip  rates  of  2.5,  5.0,  and  10.0  MHz,  respectively. 

A coherent  summation  in  effect  provides  a single  tap  experiment  with 
uniform  correlation  over  the  entire  tap  bank  range;  this  procedure  is 
used  to  estimate  <|D|^>. 

a factor  to  account  for  the  finite  delay-Doppler  range  over  which  the 
receiver  is  able  to  capture  energy.  For  the  majority  of  the  oceanic  multi- 
path  probes,  the  transmitter/receiver  parameters  were  chosen  to  provide 
a tap  width  of  0.2  Msec  and  a low-pass-filter  bandwidth  of  300  Hz.  Thus 
assuming  the  specular-point  return  is  placed  in  the  mid-20’s  region  of  the 
correlator  bank  (to  avoid  malfunctions  occasionally  experienced  with 
delay  taps  in  the  neighborhood  of  taps  17  to  19).  we  have  a receiver 
configuration  that  will  capture  sea  scatter  returns  whose  delay  (r)  and 
Doppler  (fj)  values  satisfy  both  of  the  following  inequalities:  r < 
(110-25)0.2  = 17  //sec  and  fj  < 300  Hz.  The  incoherent  sum  of  all 
energies  lying  outside  this  region  is  referred  to  as  the  system  truncation 
loss  component  ( 

Using  the  physical  optics  vector  scatter  model  (sec  6),  was 

predicted  using  the  expression 
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The  value  of  Ljpjfn-  was  calculated  for  typical  system  geometry  con- 
figurations and  for  assumed  sea-slope  conditions.  An  obvious  result 
from  this  analysis  is  that  increases  with  an  increase  in  the 


surface  rms  slope.  With  respect  to  the  grazing  angle  dependency,  we 
observed  that  a tradeoff  occurs:  the  r constraint  was  more  significant 
with  a decrease  in  grazing  angle  while  the  Doppler  constraint  was  more 
significant  as  grazing  angle  increased.  Aircraft  heading,  as  expected,  had 
no  influence  on  the  delay  requirement.  However,  for  the  Doppler  criteria 
it  was  observed  that  as  the  aircraft  heading  changed  from  cross-plane  to 
in-plane  orientation,  the  receiver,  on  a relative  basis,  captured  more  of 
the  subsatellite-oriented  returns  and  less  of  the  subaircraft-oriented  scatter. 

In  general,  was  calculated  to  be  relatively  small.  For 

example,  at  a grazing  angle  of  1 3°  and  for  average  and  precipitous  sea 
slopes  of  6°  and  1 2°.  truncation  loss  values  of  0. 1 0 and  0.30  dB,  respec- 
tively, were  calculated  for  the  horizontal  polarization  in-plane  flight 
geometry.  Since  the  sea  slope  was  unknown,  we  have  taken  to 

equal  0.2  dB  for  all  cases. 

Figure  5-1  7 presents  the  experimentally  derived  values  of  the  rms  scatter  coefficients  as  a 
function  of  grazing  angle.  Also  shown  are  scatter  model  predictions  representing  expected  results  for 
assumed  rms  sea  slopes  of  3°  and  1 2°  (see  sec  6.3)  Individual  90%  confidence  intervals  of  roughly 
±2.5  dB  may  be  attached  to  each  of  the  data  points  of  the  figure.  These  confidence  interval  measures 
are  calculated  in  a manner  similar  to  that  employed  in  the  ATS-5  data  analyses  (ref  5-6)  and  are  assumed 
to  be  dependent  only  upon  the  normalization  factors  used  to  derive  Gjj/Gj.  Hence  we  assume  the 
sample  space  size  in  estimating  <|Ip>/<|DI^>  is  sufficiently  large  so  that  its  estimation  variance  may 
be  neglected. 

In  general,  the  experimental  and  theoretical  F values  predicted  by  the  physical  optics  vector 
scatter  model  are  in  close  accord  and  agree  well  with  experimental  results  reported  for  the  FAA  ATS-5 
oceanic  multipath  tests  (ref  5-6,  fig  13).  Other  analytically  derived  estimates  (ref  5-5,  table  2-9) 
agree  well  for  the  circular  polarization  modes  and  somewhat  less  well  for  the  horizontal  and  vertical 
linear  polarizations. 

We  note  that  for  grazing  angles  greater  than  roughly  10°  the  model  predicts  that  rms  sea  slope 
has  a very  small  effect  on  the  total  energy  content  of  the  scattered  signal.  The  scatter  coefficient  depen- 
dency upon  sea  slope  could  not  be  determined  explicitly  experimentally  because  sea-slope  measure- 
ments with  a one-to-one  correspondence  to  the  multipath  measurements  were  not  available.  The  experi- 
mental data  for  these  elevation  angles,  however,  does  appear  to  be  consistent  with  this  observation.  At 
the  lower  grazing  angles  the  rms  scatter  coefficients  do  not  appear  to  be  totally  immune  from  the  sea- 
slope  influence.  For  angles  in  the  vicinity  of  the  Brewster  angle  (^  6°),  the  vertically  polarized  F 
values  tend  to  increase  with  an  increase  in  slope,  whereas  the  opposite  occurs  for  horizontal  polariza- 
tion. In  the  limit,  as  the  surface  slope  approaches  zero,  the  theoretical  curves  take  on  values  predicted 
by  the  relationship  |DR|’,  where  D is  the  spherical-earth  reflection  coefficient  and  R is  the  smooth- 
earth  Fresnel  reflection  coefficient  as  evaluated  at  the  specular  point.  This  result  corresponds  to  the 
“steepest  descent”  closed-form  integral  solution  to  the  scatter  phenomenon  (ref.  5-7)  and,  with  the 
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Figure  5-17.  Oceanic  RMS  Total  Scatter  Coefficients 
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exception  of  the  vertic.illy  polarized  data  in  the  vicinity  of  the  pseudo-Brewster  angle,  yields  predicted 
r relationships  that  agree  quite  well  with  both  the  theoretical  and  experimental  results  of  figure  5-1  7. 
At  the  pseudo-Brewster  angle,  the  expression  !I)RP  for  vertical  polarization  is  on  the  order  of -20  dB, 
which  IS  seen  to  be  roughly  5 dB  below  the  experimental  data  and  the  scatter  model  surface  integration 
results. 


Similar  departures  have  also  been  observed  for  numerous  VHP  experiments  (ref  5-8,  p.  320) 
as  well  as  for  an  A 1 S-5  l.-band  multipath  experiment  ( ref  5-6).  These  departures  are  a direct  result 
of  the  diltuse  nature  ol  the  scatter  surface;  i.e.,over  the  effective  scatter  region  the  reflection 
coefficient  associated  with  the  lihetl  surface  facets  responsible  for  favorable  reflection  into  the 
receiver  will  difter  from  the  rellection  coefficient  at  the  specular  point,  This  effect  is  termed  by  us 
as  "Brewster  angle  lill-m."  The  effect  is  most  pronounced  for  the  vertical  polarization  probes  at  a 
grazing  angle  equal  to  the  Brewster  angle  since  the  reflection  coefficient  changes  rapidly  with  local 
grazing  angle  and  all  surface  scatterers  will  have  a reflection  coefficient  at  least  as  large  as  (if  not 
much  larger  than)  the  specular-point  value. 


5.3  tX  PANIC  SCAT!  PR  PARAMETER  SPREAD  VALUES 

. .Some  of  the  most  useful  and  fundamental  measures  of  the  oceanic  multipath  phenomena  relate  to 

the  spread  values  associated  with  the  scattered  signal’s  delay  spectra,  Doppler  spectra,  time  autocorrelation 
function,  and  frequency  autocorrelation  function.  In  this  section,  these  ilata  are  given  for  both  hori- 
zontal and  vertical  polarization  probes  as  conducted  during  the  in-plane  and  cross-plane  flight  directions. 
I'or  the  delay  and  Doppler  spectra,  the  total  two-sided  3-  and  lO-dB  spreads  are  presented,  whereas 
only  the  one-sided  3-dB  spread  is  given  for  the  autocorrelation  functions.*^  Figure  5-18  illustrates  these 
quantities  for  the  respective  channel  distributions. 

In  comparing  the  experimental  spread  results  to  theoretical  expectation,  primary  emphasis  is 
placed  on  predictions  derived  from  the  surface  integration  scatter  model  (see  sec  6).  Model  results 
generated  for  mis  total  sea  slopes  of  3°.  6°,  and  I 2°  tend  to  indicate  that  the  majority  of  flight  test 
l|  * conditions  were  associated  with  the  higher  slope  values.  Hence  in  this  section  we  use  the  average  of  the 

• model  predictions  for  the  6°  and  I 2°  sea  slope  as  our  theoretical  expectation  standard.  Although  this 

procedure  is  not  rigorous,  one  may  considei  this  to  be  representative  of  model  results  roughly 


^’Eor  the  autocorrelation  functions,  the  lO-ilB  spread  values  occasionally  exceed  the  resolution 
capabilities  associated  with  the  prober  chip  rate  and  Fourier  transforms  processing  algorithm. 
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corrcspomlint:  lo  rnis  so;i  slopes  on  the  order  of  For  comparison , we  note  that  the  average  of  all 
lillereil  (Neumann  speeirnm)  sea  slopes  observed  for  the  North  Atlantic  ATS-5  experiment  (ref  5-6) 
was  6.8°,  with  maximum  and  minimum  values  of  12,1°  and  3,4°.  The  concept  of  filtered  slope  is 
introiluced  to  account  tor  the  linite  spatial  resolution  capabilities  of  the  L-band  electromagnetic  wave- 
length ( i.e.,  the  small-scale  structure  ol  the  surface  does  not  appreciably  affect  the  forward-scatter 
mechanism,  hut  may  comprise  a significant  component  of  the  actual  surface  slope). 

Throughout  this  discussion,  comparisons  between  measured  results  and  predictions  based  on 
the  closed  lorm  "steepest  descent”  integration  techniques  are  also  made. 


5.3,1  Delay  Spread 

Delay  spreads  for  the  horizontal  and  vertical  polarization  probes  are  given  in  figures  5-19  and 
5-20.  respectively.  The  solid-line  relationships  in  these  figures  correspond  to  the  scatter  model  surface 
integration  prediction  as  evaluated  lor  the  average  of  the  9°  and  I 2°  rms  sea-slope  conditions.  A very 
weak  increase  in  spread  value  foriin  increa.se  in  ck-vution  angle  i.s  exhibited  by  the  horizontal  polar- 
ization data  and  by  the  3-dB  spread  values  of  the  vertical  polarization  data.  For  the  I O-dB  vertical 
polarization  results,  we  observe  a small  increase  in  the  spread  for  grazing  angles  in  the  vicinity  of  the 
pseudo-Brewster  angle.  Both  these  results  are  predicted  by  the  scatter  model,  with  the  Brewster 
angle  efiect  also  being  illustrated  mildly  by  the  vertical  polarization  3-dB  spreads.  The  increase  in 
the  spreads  for  the  vertical  polarization  probe  in  the  vicinity  of  6°  is  related  to  the  same  phenomenon 
referred  to  previously  as  "Brewster  angle  fill-in.” 

lor  elevation  angles  between  10°  and  31°.  the  horizontal  polarization  3-  and  lO-dB  spread 
measures  are  typically  0.7  and  3,0  psec.  respectively;  for  the  vertical  polarization  case,  these  measures 
are  slightly  larger  and  take  on  typical  values  of  0.9  and  3.3  psec.  The  dispersion  associated  with  the 
experimental  data  may  most  certainly  be  ascribed  to  day-to-day  changes  in  the  surface  rms  slope. 

,\n  estimate  of  the  antenna  pattern's  spatial  filtering  iiinuence  on  the  delay  spread  measures 
may  be  obtained  by  referring  to  section  5.6.  Fven  though  the  spatial  filtering  effects  were  evaluated 
for  the  in-plane  Hight  geometry  coupled  with  a horizontal  polarization  mode,  the  delay  spread  (and 
coherence  bandwidth)  results  should  be  somewhat  typical  for  the  other  polarization  and  Hight  direc- 
tion combinations,  riius  as  a generalized  prediction  we  anticipate  that  at  the  high  end  of  the  grazing 
angle  range  ( i.e  .31°)  the  3-  and  lO-dB  spread  measures  are  underestimated  by  2'’^  and  overestimated 


' Since  tbe  averaging  of  model-predicted  results  for  slopes  of  (i°and  I 2°  does  not  rigorously  correspond 
to  model  predictions  for  slopes  of  9°,  the  reader  may.  as  an  alternative,  compare  the  experimental 
results  with  model  predictions  for  specific  slope  values.  ".Model-predicteil”  curves  for  slopes  of  3°. 
6°.  and  I 2°  are  given  in  section  6 for  several  multipath  channel  parameters. 
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by  . respectively.  Similarly,  at  a grazing  angle  of  approximately  the  3-  anil  lO-dB  spp’  ul  measures 
are  both. overestimated  by  \ ]7r  and  3%.  respectively. 

Closed-form  integral  solutions  of  Mallinkcrodt  (ref  5-9)  and  Bello  ( ref  5-1  ) may  be  used  to 
obtain  "steepest  descent”  results  for  the  delay-spectra  spread  values.  Using  Bello’s  formulation,  we 
write  the  delay  spectra  as; 


0(r)  = -^exp  [.(.^in^y/sin^.^J.  . ,5..,, 

where: 

0<r)  = delay  psd 
T = delay  time 

7 = grazing  angle 

K = a parameter  embodying  the  rms  sea  slope,  aircraft  altitude,  and  speed  of  light. 

For  the  oceanic  probe  configuration,  the  aircraft  altitude  was  rouglily  constant  for  the  entire 
night  series.  Thus,  in  our  case  K varies  according  to  the  rms  slope  changes  only.  Assuming  a constant 
slope,  we  may  use  the  above  relationship  to  predict  the  grazing  angle  dependence  of  the  3-dB  spread 
values.  Relative  to  the  spread  at  5°,  t 5(5°),  these  values  are: 

T5(10°)/r5(5“)  = 1.5 

T5(20°)/t5(5°)  = 2.4 

T5(30°)/t5(5°)  = 3.1.  (5-4) 

Similarly,  for  the  10-dB  spread  angular  dependence  we  have  the  following  relative  values: 

r ,(  I0°)/t  1(5")  = 1.238 

T ,(20")/t  ,(5")  = 1.234 

T |(30")/t  ,(5'’)  = 1.185.  (5-5) 

For  the  horizontal  polarization  results  of  figure  5-19,  the  above  relationships  appear  to  follow 
the  trend  ot  the  experimental  data  quite  well.  Since  the  “steepest  descent"  spread  parameter  estimates 
are  not  dependent  upon  the  polarization  of  the  electromagnetic  wave,  theyobviously  are  incapable  of 
predicting  the  observable  difference  between  the  horizontal  and  vertical  polarization  data  sets. 
Compared  with  the  physical  optics  vector  scatter  model,  the  steepest  descent  estimates  in  general 
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provide  :i  soniewlial  poorer  representation  of  the  lower  praj'lng  anttle  vertical  polarization  data  results 
shown  in  fifiure  5-20.  This,  ol  course,  is  to  be  expected  since  the  steepest  descent  integration  technique 
assumes  all  deterministic  surlace  parameters  take  on  their  specular-point  values,  and  thus  it  does  not 
account  lor  the  rather  extensive  variation  that  the  vertical  polarization  reflection  coefficient  experiences 
over  the  effective  scatter  surface. 

5.5.2  F requency  Coherence  Bandwidth 


The  term  coherence  bandwidth  is  used  to  describe  the  spread  parameter  measure  associated  with 
the  multipath’s  frequency  autocorrelation  function.  It  in  essence  provides  us  with  an  upper  frequency 
limit  to  which  two  simultaneously  transmitted  L-band  carriers  may  be  separated  yet  still  meet  a 
specified  degree  of  correlation  at  the  receiver.  For  this  presentation  we  are  concerned  with  the  .5-dB 
coherence  bandwidth  (i.e..  the  received  signals  have  a correlation  coefficient  of  0.5).  We  deal  only  with 
the  sea-returned  energy  and  do  not  include  the  effects  of  the  excess  time  delay  between  the  specular- 
point  leturn  and  the  direct  line-of-sight  signal.  For  direct  plus  multipath  signal  analyses,  this  excess 
diflerential  delay  is  very  significant  and  hence  one  cannot  use  the  results  presented  herein  to  directly 
predict  the  coherence  bandwidth  of  the  composite  channel. 

Figure  5-21  contains  as  a function  of  elevation  angle  the  experimentally  measured  3-d  B 
coherence  bandwidth  values  for  both  horizontal  and  vertical  polarization  probes.  Because  the  frequency 
autocorrelation  function  is  derived  solely  from  the  channel’s  delay-spectra  distribution,  it  is  notdepend- 
ent  upon  the  airplane  heading  direction.  Thus  the  results  from  both  in-  and  cross-plane  geometries  have 
been  combined.  It  is  observed  that  the  experimental  results  range  from  a low  of  70  kHz  to  a high  of 
380  kHz,  with  a typical  value  of  200  kHz.  The  data  trend  does  not  exhibit  a strong  dependence  upon 
grazing  angle,  although  we  do  note  a slight  tendency  for  the  results  to  increase  with  an  increase  in 
grazing  angle.  This  dependency  is  in  accord  with  the  model  prediction  curves,  which  also  predict  a 
3-dB  coherence  bandwidth  value  that,  over  the  range  of  elevation  angles  of  interest,  is  on  the  same 
order  as  the  average  of  the  experimental  results.  We  also  observe  that  for  the  lower  grazing  angles,  the 
vertical  polarization  results  are  generally  lower  than  their  horizontal  polarization  counterparts  whereas 
the'  opposite  trend  appears  for  the  larger  grazing  angles.  Again,  this  observation  is  in  agreement  with 
the  model  prediction  results. 

As  shown  in  section  5.6,  antenna  spatial  filtering  effects  on  the  3-dB  coherence  bandwidth 
measurements  are  predicted  to  he  rather  minimal,  with  underestimation  percentages  of  4*7  and  1% 
being  associated  with  the  low  and  high  ends  of  the  grazing  angle  range,  respectively. 

Steepest  descent  integration  predictions  of  the  multipath  coherence  bandwidth  may  be 
obtained  by  using  the  following  expression  (see  Staras.  ref  5-7;  or  Bello,  ref  5-1 ) for  the  frequency 
autocorrelation  function: 
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R(0,n)  = [(l  + i * ' + i -’tK  J2  sin  7)j  ' ’ 


(5-6) 


where: 

R)0.J2)=  eomplex  t'requeney  eorrelution  I'unetion 
i2  = frequeney  separation 

7 = gra/inj!  anyle 

K = a parameter  embodying  the  surface  slope,  aircraft  altitude,  and  speed  of  light 

As  in  the  delay  spread  discussion,  one  may  assume  K to  be  constant  and  thereby  generate  the 
grazing  angle  dependence  of  R(O.n).  Relative  to  the  5°  grazing  angle,  the  following  3-dB  coherence 
bandwidth  relationships  are  obtained: 


n 5(IO°)/I2  5(5°)  = 1.95 
J2  5(20°) /n  5(5°)  = 3.3 

n 5(30°)/I2  5(5°)  = 4.0  , (5-7) 

where  f2  5(a)  is  the  3-dB  coherence  bandwidth  at  elevation  angle  7. 

With  the  exception  of  the  slight  polarization  biases  exhibited  by  the  respective  data  sets,  this 
relationship  is  observed  to  provide  a fairly  good  fit  to  the  grazing  angle  dependence  shown  by  figure  5-21 . 


5.3.3  Doppler  Spread 

Results  from  the  spread  measurements  on  the  multipath's  Doppler  spectra  are  given  in  figures 
5-22.  5-23,  and  5-24.  The  first  two  figures  correspond  to  in-plane  flight  directions  for  horizontal  and 
vertical  polarization  probes,  respectively,  whereas  the  third  set  presents  the  cross-plane  spreads  for  both 
polarizations.  The  solid  curves  in  each  figure  represent  predictions  derived  from  the  surface  integration 
scatter  model.  As  previously  discussed,  the  plotted  model  results  are  the  average  of  predictions  for  rms 
sea  slopes  of  6°  and  I 2°  and  thus  represent  a first-order  approximation  corresponding  to  an  rms  slope 
condition  of  9°  (see  discussion  and  footnote  7.  page  5-37). 

For  all  four  combinations  of  prober  polarization  and  aircraft  flight  direction,  the  experimental 
data  trends  and  model  predictions  are  in  fairly  close  agreement.  In  particular,  it  is  observed  that: 

a.  The  data  trend  shows  a definite  increase  in  Doppler  spread  for  an  increase  in  grazing  angle. 

h.  Both  the  10-  and  3-dB  Doppler  spread  values  arc  appreciably  infiuenced  by  flight  direction, 

with  the  in-plane  geometry  (especially  for  the  lower  grazing  angle  conditions)  producing 
smaller  spreads  than  the  cross-plane  condition. 
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Doppler  spread,  Hz 


Figure  5-22.  Oceanic  Doppler  Spread  Results  — Horizontal  Polarization,  In-Plane  Geometry 


Doppler  spread,  Hz 


Figure  5-23.  Oceanic  Doppler  Spread  Results  — Vertical  Polarization,  In-Plane  Geometry 


5-44 


Figure  5-24.  Oceanic  Doppler  Spread  Results  — Cross-Plane  Geometry 


For  IIk'  in-pijni'  data  cn'icinhios.  Ilio  spreads  correspond in>:  to  vertical  polarization  are 
typically  larger  than  their  horizontal  counterparts. 


The  physical  explanation  of  the  above  observatii^ns  is  discussed  in  section  5.2.4.  which  relates  to  the 
multipath  Doppler  spectrum  characteristics. 

Two  fairly  significant  factors  are  predicted  to  provide  an  orcrcslimulinn  bias  to  the  in-plane 
low-anph- ' pier  spread  experimental  measurements.  One  factor  relates  to  the  antenna’s  spatial 
tllteri  which,  as  shown  in  section  5.6.  result  in  overestimation  biases  on  the  order  of  9'f  and 

2^  -Tazing-angle  Doppler  spread  3- and  10-dB  measures,  respectively.  Antenna  pertur- 

b . iiigh-grazing-anple  conditions  are  not  nearly  as  sipnificant.  with  the  3-dB  measure 

b derestimated  by  I'T  and  the  10-dB  spread  measure  beinp  overestimated  by  H7r.  The  second 

overestimation  bias  factor  pertains  to  aircraft  headinp  meanders  that  would  cause  the  llipht  direction 
vector  to  deviate  somewhat  from  the  true  in-plane  geometry  condition.  As  discussed  in  section  5.2.4. 
the  Doppler  spectrum  for  low-graz.ing-anple  in-plane  llipht  direction  conditions  is  very  peaked  and  thus 
possesses  a relatively  small  spread  measure.  As  the  flight  vector  moves  away  from  the  in-plane  direction, 
the  spectrum  becomes  increasingly  more  Gaussian-like  and  consequently  is  associated  with  a larger 
spread  value.  Assuming  the  aircraft  llight  vector  is  offset  by  7°  from  the  in-plane  direction,  the  scatter 
model  of  section  b predicts  that  for  a 9°  rms  surface  slope  the  Doppler  spreads  for  the  10°  grazing 
angle  geometry  are  larger  than  their  in-plane  3-  and  lO-ilB  counterparts  by  H97  ami  47'7,  respectively. 

Steepest  descent  channel  parameter  estimation  techniques  predict  a Ciaussian  Doppler  psd  with 
bandwidth  given  by: 


f(7) ' 


(r)oslope  T [v^-  + V,-j  ' , 


(5-K) 


where: 

f(7» 


= 3- or  10-i.lli  Doppler  spread  measure 
f|_.  = carrier  frequency 

c = velocity  of  light 

“slope  ~ surface  slope 

y - grazing  angle 


'1 


= aircraft  cross-plane  velocity 
= aircraft  m-plane  velocity  . 


For  the  tlight  tests. lVj“  + was  generally  on  the  order  of  200  m'sec;thus  foraconstant  sea- 

slope  condition,  the  above  relationship  predicts  a sin  7 grazing  angle  ile|x-ndence  for  both  Doppler 
spread  measures. 
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In  )!i;ncral.  this  relationship  adequately  describes  the  cross-plane  geometry  spread  results  which, 
like  the  “steepest  descent"  predictions,  have  previously  been  shown  to  be  associated  with  a spectrum  of 
the  Gaussian  form. 

Since  the  in-plane  flight  direction  Doppler  spectrum  is  highly  non-Gaussian  (especially  for  the 
low-grazing-angle  conditions),  it  is  not  surprising  that  the  “steepest  descent”  spread  relationship  fails  to 
provide  a close  fit  to  the  trend  of  the  experimental  data.  For  example,  from  figures  5-22  and  5-23  we 
observe  that  between  the  range  of  grazing  angles  from  7°  to  19°  the  observed  typical  Doppler  spread 
results  increase  by  approximately  900^'c.  whereas  the  sin  7 relationship  yields  a predicted  increase  of 
only  I7CK;. 

Again,  as  for  the  delay  spread  predictions,  we  also  note  that  the  steepest  descent  results  do  not 
account  for  the  observed  polarization  dependencies  of  the  data  se's. 


5,3.4  Decorrelation  Time 

Decorrelation  time  provides  us  with  an  upper  limit  on  the  time  separation  for  which  two  L-band 
carriers,  transmitted  at  the  same  frequency,  will  still  meet  a specified  degree  of  coherency  at  the 
receiver.  It  is  derived  from  the  time  autocorrelation  function  of  the  multipath  channel,  and  for  this 
document  we  have  selected  the  3-dB  spread  measure  (i.e,.  that  time  separation  that  produces  a norm- 
alized correlation  coefficient  between  the  two  received  signals  of  0,5).  As  in  the  coherence  bandwidth 
presentation,  we  restrict  our  attention  entirely  to  the  multipath  signal  and  do  not  include  any  effects 
that  would  arise  from  the  presence  of  a direct  line-of-sight  received  component. 

Since  the  time  autocorrelation  function  is  derived  exclusively  from  the  multipath  Doppler 
spectrum,  one  expects  the  decorrelation  time  measurements  to  exhibit  a flight  direction  dependence. 
For  this  reason  the  results  are  segregated  into  cross-  and  in-plane  data  sets,  which  are  presented  for 
both  polarizations  in  figures  5-25  and  5-26,  respectively.  Also  contained  in  these  figures  are  the  spread 
relationships  as  derived  from  the  surface  integration  physical  optics  scatter  model. 

The  experimental  results  are  in  relatively  good  agreement  with  theoretical  predictions.  For 
both  llight  geometry  directions,  the  data  trend  implies  a decrease  in  decorrelation  time  for  an  increase 
in  elevation  angle.  Typically,  the  data  set  averages  imply  decorrelation  values  on  the  order  of  7 to 
10  msec  and  2 to  3 msec  for  grazing  angles  in  the  vicinity  of  8°  and  30°,  respectively.  It  is  apparent 
that  the  vertical  polarization  probes  and  the  cross-plane  flight  direction  produce  modestly  smaller 
decorrelation  times  than  their  respective  orthogonal  parameter  counterparts.  This  tendency  appears 
to  be  maximized  for  grazing  angles  in  the  vicinity  of  the  Brewster  angle. 

Antenna  spatial  filtering  effects  upon  the  decorrelation  time  estimates  for  the  in-plane  geometry 
case  are  given  in  section  5.6  and  indicate  that  for  both  high-  and  low-grazing-angle  conditions  the 
antenna  influence  tends  to  decrease  the  channel’s  true  decorrelation  time  estimate.  The  decrease  for 


3-dB  decorrelation  times,  msec 


0 Horizontal  polarization 
A Vertical  polarization 


Figure  5-25.  Oceanic  Decorrelation  Time  Results  — In-Plane  Geometry 


3-dB  decorrelation  times,  msec 
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Figure  5-26.  Oceanic  Decorrelation  Time  Results  — Cross-Plane  Geometry 
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Iho  hiph  gra/inp-anple  case  is  rather  modest  7%).  whereas  for  the  iow-ang\e  condition  the  under- 
esiinialion  bias  is  approximately  30%.  Referring  again  to  figure  5-25,  we  note  that  the  trend  of  the 
experimental  data  points  as  compared  to  the  trend  of  the  theoretical  predictions  is  consistent  with 
this  contention. 

Since  the  Doppler  psd  and  time  correlation  function  are  Fourier  transform  pairs,  the  steepest 
descent  solution  to  the  time  correlation  function  yields  a Gaussian  distribution  w>n  spread  bandwidth 
inversely  proportional  to  equation  (5-8);  i.e., 


^.5(7) 


I 

trf  5(7) 


“ 1 /sin  7, 


(5-9) 


where: 

J <5(7)  = decorrelation  time  (3  dB) 
f 15(7)  = Doppler  bandwidth  spread  (3  dB) 
7 = grazing  angle. 


For  both  the  in-plane  and  cross-plane  flight  directions,  the  data  sets  are  observed  to  exhibit  a 
grazing  angle  dependence  somewhat  similar  to  the  above  relationship.  However,  as  for  the  other  spread 
parameter  predictions,  we  again  note  the  inability  of  the  "steepest  descent”  to  properly  account  for 
the  polarization  differences  in  the  in-plane  data  ensembles. 


5.4  TIMK-DOMAIN  STATISTICS 

Analyses  have  been  performed  on  the  SACP’s complex  tap  outputs  to  determine  the  following 
statistical  measures  of  the  multipath  channel’s  time-domain  representation: 

a.  Histograms  of  the  delay  tap’s  I component  amplitude.  0 component  amplitude,  and 
phase 

b.  Goodnes.s-of-fit  (x^  test)  comparisons  of  the  above  with  theoretically  predicted  distri- 
butions 

c.  Correl'^’ion  of  a tap’s  1 component  with  its  Q component 

d.  Autocorrelation  and  cross-correlation  of  the  individual  tap  processes  within  a common 
tap  bank 

e.  Cross-correlations  and  cross-power  spectra  estimates  of  the  tap  processes  taken  from  the 
cross-polarization  banks  (i.e.,  vertical  and  horizontal). 

Results  from  these  measurements  are  given  in  the  following  sections. 
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5.4.1  Tap  I aiul  Q Ampliuiiie  Distributions 


Amplitude  proliability  distributions  in  the  I'orm  of  histograms  arc  derived  for  the  I and  0 
components  of  a given  delay  tap  through  the  application  of  standard  numerical  grouping  techniijues 
Prior  to  histogram  sorting,  three  operations  are  performed  on  the  input  data. 


a.  The  data  may  be  optionally  desampled  to  improve  the  independency  of  the  sample 
space  array. 

b.  A dither  signal  is  added  to  each  of  the  desampled  data  points.  This  is  necessary  since 
the  quantizing  levels  of  the  digital  SACP receiver’s  output  are  not  significantly  smaller 
than  the  bin  widths  of  the  histogram.  The  SACP  receiver  outputs  are  given  as  eight-bit 
entities  ranging  between  -1  28  and  +1  27  (receivervolts).  In  accord  with  the  two's-comple- 
ment  arithmetic  of  the  receiver,  the  dither  signal  is  chosen  from  an  ensemble  whose 
values  are  uniformly  distributed  between  0 and  1 . A new  dither  signal  is  used  for  each 
signal  input  value. 

c.  The  mean  and  standard  deviation  of  the  desampled.  dithered  array  is  determined;  i.e.. 


a 


2 


(Xj  -P)^ 


(5-10) 


After  the  sample’s  mean  and  standard  deviation  have  been  determined,  the  algorithm  then 
sorts  the  input  sample  array  into  three  histogram  distributions.  All  three  histograms  are  calculated 
for  each  tap  component.  The  sorting  techniques  are  achieved  as  follows: 

Histogram  I:  Consists  of  20  bins  ranging  between  - °°  and  -r  <».  with  the  1 8 interior  bins 
being  of  equal  width  and  spanning  the  range  (-.5o.+.7o). 

Histogram  2:  Similar  to  histogram  I except  bins  are  combined  with  their  nearest 
neighbors  if  the  observed  freiiuency  is  less  than  2'7  of  the  total  elements  in  the  sample- 
space. 

Histogram  .(  Bin  widths  are  selected  so  that  the  expected  frequency  (see  below  for 
discussion  pertaining  to  expectation  model)  for  each  bin  is  57f.  Thus  there  are  20  bins 
total. 


The  three  histogram  distributions  are  then  tested  for  normality.  This  is  carried  out  via  the  x* 
goodiiess-of-fit  test.  The  observed  statistic  is  calculated  as: 


X* 


(EFi-OFj) 

EFj 


(5-11) 


where: 

N = number  of  bins  in  the  histogram 

EFj  = the  expected  number  of  data  points  falling  into  the  ith  bin 

OFj  = the  observed  number  of  data  points  falling  into  the  ith  bin  . 

Parameter  EF,  is  based  on  the  assumption  of  a Gaussian  distribution  whose  mean  and  variance  are 
derived  from  the  sample  space  array;  i.e.. 


EFi  = 


ti  -1  ' ' 


(5-12) 


where  tj  is  the  upper  limit  of  the  voltage  range  associated  with  the  ith  bin. 

Knowing  the  x‘  statistic  and  the  number  of  degrees  of  freedom  (N-3)  associated  with  each 
particular  histogram,  we  are  then  able  to  determine  the  following  cumulative  probability: 


2 / N-3  ,\ 

Xo.,  (-  ->) 


-y/2 

e dy- 


(5-13) 


This  represents  the  probability  that  a sample  space  selected  from  a Gaussian  distribution  with  the  same 
mean  and  variance  as  the  test  case  will  produce  a x^  value  less  than  that  of  the  observed  sample  (i.e., 
if  P^x^  < ) is  consistently  greater  than  0.9,  we  would  have  reason  to  doubt  the  normality  of  the 

data).  In  the  following  discussions  we  refer  to  F(x'  <X^bs)  as  the  confidence  level  measure. 

Sample  histograms  presented  in  figures  5-27  through  5-30  are  representative  of  the  results 
obtained  from  the  amplitude  distribution  analyses.  Also  presented  in  these  figures  are  the  tap’s  phase 
distribution  histograms,  which  will  be  discussed  in  the  following  section.  For  each  distribution  we 
present  the  experimental  results  and  the  theoretical  expectation,  which  appear  as  the  piecewise 
constant  and  the  smooth  curves,  respectively.  The  amplitude  distributions  correspond  to  histogram 
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sortirif!  techniijiK'  I and  thereby  consist  of  20  bins  raiiginp  between  - <»  and  with  the  IX  interior 
bins  bein>:  ol  equal  width  and  spanning  the  range  (-3«,+3o).  The  sample  mean  and  standard  deviation 
of  each  distribution  are  presented  directly  below  the  histogram  descriptor. 

In  selecting  the  sample  histograms  for  presentation,  we  have  chosen  data  that  correspond  to: 

a.  Noise  only  (i.e.,  a tap  prior  to  specular-point  energy):  figure  5-27 

b.  1 ow  angle,  cross-plane  multipath:  figure  5-28 

i.  I.ow  angle,  in-plane  multipath:  figure  5-2d 

d.  High  angle,  in-plane  multipath'  figure  5-30. 

These  figures  show  the  high  degree  of  correlation  that  exists  between  experimental  results  and  the 
assumption  of  a (iaussian  amplitude  probability  distribution. 

Prior  to  presenting  (|uantitalive  measures  pertaining  to  the  degree  of  correlation,  a few  obser- 
vations regarding  the  noise-only  case  of  figure  5-27  deserve  comment.  In  particular:  ( I ) the  standard 
deviafio;)  of  Die  f cr)mponenl  is  .significantly  greater  tlian  that  of  the  Q component  and  (2)  each 
component  has  a negative  bias.  These  features,  which  also  characterize  the  multipath-present  tap 
processes,  are  related  to  receiver  quadrature  component  differential  gains  (most  likely  associated  with 
the  analog-to-<ligital  converters  of  the  I and  Q channels)  and  to  the  two’s-complement  arithmetic 
and  A/D  conversion  of  the  receiver  (induces  negative  bias).  Both  receiver  perturbations  significantly 
affect  the  phase  distribution  of  the  tap  signal,  as  will  be  discussed  in  the  following  section.  Additional 
effects  of  these  perturbations  upon  other  aspects  of  the  channel  characterization  (e.g.,  S(t.oj))  are 
small  and  ( I ) may  be  reduced  by  noise-removal  algorithm  application  (dc  bias)  or  (2)  can  be  shown 
to  be  negligible  (see  app.  B). 

Results  from  the  goodness-of-fit  tests  indicate  that  the  degree  of  correspondence  between 
the  observed  and  hypothesized  Gaussian  distribution  fo:  both  tap  components  does  not  vary  with  polar- 
ization, night  direction,  or  elevation  angle.  In  total,  the  observed  statistics  agree  very  well  with 
expectation  and  provide  no  basis  for  rejecting  the  Gaussian  hypothesis.  Results  relating  to  the  P(x^  < 
X^l,^  ^ confidence  level  frequency  of  observation  are  presented  in  figures  5-31 , 5-32.  and  5-33.  These 
data  were  obtained  from  histogram  sorting  techniques  2 and  3 and  represent  results  for  the  I compo- 
nent, 0 component,  and  lumped  I and  Q test  results,  respectively.  In  presenting  this  information, 
we  note  that  if  the  distribution  hypothesis  is  true  and  as  the  number  of  observations  becomes  large,  the 
P(x^  < ) fre(]uency  of  occurrence  will  be  uniformly  distributed  over  the  range  (0,1 ).  On  the  other 

hand,  as  the  actual  and  hypothesized  distributions  become  increasingly  dissimilar,  the  P^x^  < XqPs) 
results  will  exhibit  a definite  propensity  to  fall  into  the  u/i/H’r  limit  tail  of  the  (0,1 ) region.  Examina- 
tion of  the  results  given  in  figures  5-31  through  5-33  yields  visual  evidence  to  support  the  uniform  dis- 
tribution for  the  P(x’  < X()bs)  fi’‘-’<iuency.  which  in  turn  implies  acceptance  of  the  Gaussian  amplitude 
statistical  hypothesis.  Quantitatively  we  observe  that  the  I,  Q,  and  sum  total  K x'  <X?,hs)  Jis*'-'- 
butions  have  mean  values  of  0.53.  0.5  I , and  0.52.  respectively,  values  in  close  accord  with  the  expected 
results  of  0.5,  As  an  additional  quantitative  measure,  we  compare  the  observed  X'  <Xoh$) 
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Figure  5-33.  / and  Q Amplitude  Distribution,  Observed  Significance  Levels 
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Figure  5-34.  Phase  Distribution,  Observed  Significance  Levels 
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butions  to  the  expected  uniform  function  via  the  goodness-of-fit  tests.  These  tests  yield 
statistics  associated  with  confidence  levels  of  0.70,  0.38.  and  0.69  for  the  I,  Q,  and  sum  total  compo- 
nents. respectively.  Hence  we  again  have  no  basis  for  rejecting  the  test  statistic  hypothesis. 


5.4.2  Tap  Phase  Distributions  and  Joint  Amplitude  Statistics 


.s  4 2 I Phase  DistributUms  - We  define  the  phase.  0,  of  the  complex  tap-received  signal  as 


0j  = tan"'  Qj/lj  > (5-14) 

where  (Jj  and  Ij  are  the  ith  samples  of  a particular  tap’s  quadrature  phase  and  in-phase  components, 
respectively. 


The  algorithm  for  determining  the  probability  distribution  histogram  operates  on  the  same 
desampled.  dithered  I and  Q data  values  that  are  input  to  the  amplitude  statistics  routine.  Twenty 
equal-length  bins  are  used  for  the  histogram  structure,  which  extends  from  -180°  to  +180°.  Via  the 
X^  goodness-of-fit  test  as  described  in  section  5.4.1,  the  observed  bin  densities  are  compared  to  a 
hypothesis  resulting  from  the  two-dimensional  Gaussian  distribution  whose  quadrature  components 
are  independent  with  nonzero  means  and  nonidentical  variances;  i.e.. 


W(I.O) 


(Q-Pq)A 

-Oq'  / 


(5-15) 


= joint  probability  density  of  the  tap  output  taking  on  the  specific  I and  Q values 
= standard  deviations  of  the  I and  Q processes 
= means  of  the  I and  Q processes. 

The  phase  probability  density  may  be  derived  by  transforming  the  above  relationship  to  polar 
coordinates  and  integrating  over  the  total  extent  of  the  radial  dimension;  i.e.. 


where. 

W(I.Q) 

0|.Oq 

P\Pq 


P(0)  = - 


jTTOiO, 


ro 


/ 


P exp 


p=0 


["  (p  eos0-pjy  (p  sin  (t>  - pq)^ 
2cq^ 


dp 


(5-16) 
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knowing  P(0),  NM*  then  calculate  the  expected  hin  Iretiuencies  hy  integrating  over  tlie  appropriate 
<»  range  and  use  steps  similar  to  those  described  in  the  previous  section  to  ('blain  the  Ntatistic  ami 
ils  conlaii-rKr  level  measure 

Receiver  innuences  ( i.e..  ililTerential  (|uadrature  pains  and  the  mean  level  nepalivc  ‘nasi  in 
peneral  are  such  that 


0|  > Oy 

and 

Uj<0 

My<0. 

I nder  these  . ondilions.  the  PiOl  density  exhihits  a sinusoidal-like  distrihution  with  local  maxima  in 
the  vainities  ol  0 = 0°  and  0 = *1X0''  and  local  minima  near  0 = ±d0°.  Due  to  the  nepative  mean 
level  hias  lor  hoth  I and  0 components,  we  also  note  that  the  absolute  maxima  occur  near  the 

0 = *1X0"  value  whereas  the  0 = +‘>0'’  repion  corresponds  to  the  absolute  minimum  of  the  function. 

1 hesi‘  features  are  very  evident  in  both  the  experimental  and  theoretical  phase  probability  distributions 
presented  in  the  examples  of  fipure  5-2^  throuph  5-30. 

fan  processes  correspondinp  to  high- and  low-prazinp-anple  conditions  coupled  with  in-plane 
■ind  cross  plane  aircraft  llipht  directions  have  been  subiected  to  phase  distrihution  tests.  The  results 
Irom  tlie'e  analyses  provide  no  indication  that  the  statistic  is  biased  one  way  or  the  other  by  any 
combination  of  the  above  system  parameters.  In  fipure  5-34  the  occurrence  frequency  of  the  x^ 
test's  confidence  level  measures,  P^x^  < Xohjy  >s  phitted.  In  total,  over  100  distribution  tests  were 
conducted,  an  average  confidence  level  measure  of  0.64  is  produced  by  these  results.  This  average 
(which  is  considerably  greater  than  the  expected  result  of  0.501,  coupled  with  the  fact  that  the 

xJibs)  obseiivation  frequencies  are  skewed  toward  the  high  end  (i.e.,  hypothesis  reiectioni  ot 
the  distribution  as  opposed  to  being  uniformly  distributed,  gives  some  evidence  that  the  assumed  P(0) 
distribution  may  be  slightly  inexact.  Since  the  I and  Q amplitude  densities  appear  to  be  well 
^ modeled  by  the  Gaussian  distribution  (see  previous  section),  we  are  led  to  conclude  that  the  inJcfn’ii- 

Jfiicc  assumption  may  not  be  totally  valid.  This  result  is  in  accord  with  the  results  of  section  5.4.4. 
where  we  observe  that  the  cross-correlation  coefficient  between  the  I and  0 components  was  con- 
sistently found  to  be  on  the  order  of  0.05.  Potential  causes  for  the  slight  degree  of  dependency  appear 
to  be  related  to  receiver  device  perturbations  as  discussed  in  section  5.4.4. 


5.4  2.2  Joint  AmiilitiiJc  Prnhahiliiy  Distrihution  The  preceding  analysis  relates  to  the  phase  dis- 
tribution created  hy  random  variations  associated  with  the  orthogonal  cotnponents  of  a complex  tap’s 
output.  Coupled  with  the  results  of  section  5.4.1 . this  is  closely  equivalent  to  the  following  discussion, 
which  pertains  to  the  joint  amplitude  statistics  of  a tap’s  I and  Q outputs. 


5-(>0 


\ 


Using  histogram  sorting  technique  3 (see  sec  5.4.1 ) as  applied  to  the  marginal  distrrnution  of 
the  I.Q  realm,  we  create  the  joint  histogram  of  the  complex  process.  Results  from  this  grouping 
operation  are  then  compared  (x^ ) to  a test  hypothesis  derived  from  the  histograms  of  the  individual 
1 and  Q tap  amplitude  analyses  under  the  assumption  of  statistical  independence:  i.e., 

EF(I^,On)  = IEFnn,)|(EF(On)|  (S-n 

where; 

EFdp^.Opl  = expected  number  of  complex  receiver  points  whose  I and  0 values 
simultaneously  fall  in  the  mth  1 bin  and  nth  Q bin 

EF(ljp)  = measured  number  of  I component  values  falling  into  the  mth  1 coordinate 
bin 

EF(Q^)  = measured  number  of  Q component  values  falling  into  the  nth  Q coordinate 
bin 


Results  from  the  goodness-of-fit  comparison  tests  are  presented  in  figure  5-35.  In  accord 
' with  conditions  implying  hypothesis  acceptance,  we  note  that  the  P(x^  < Xobs)  ^re  fairly 

well  distributed  in  a uniform  manner  and  possess  a mean  value  of  0.54.  Quantitatively  we  observe  a 
X^  significance  level  of  0.24  when  comparing  the  P(x^  < Xq^s)  results  with  uniform  distribution. 
Considering  the  results  associated  with  the  I.Q  correlation  coefficients  and  the  phase  distribution,  one 
' might  expect  that  the  joint  statistics  analysis  would  produce  a more  significant  bias  in  the  P(x^  < Xohs) 

measures  toward  the  high  end  of  the  distribution  (i.e.,  the  I and  Q components  are  slightly  correlated, 
most  likely  due  to  receiver  perturbations).  We  note  that  this  high-side  bias  is  visually  in  evidence, 
especially  in  the  range  0,50  to  0,85,  with  the  relative  differences  between  this  distribution  and  those 
for  the  phase  P(x^  < Xghs)  distribution  possibly  being  due  to  insensitivities  in  one  of  the  histogram 
grouping  procedures, 

5.4,3  Tap  I and  Q Dependence 

• As  a first-order  approximation,  one  may  consider  that  a particular  correlator  tap  centered  at 

delay  t from  the  specular-point  return  intercepts  all  energy  scattered  into  the  receiver  whose  delays 
lie  within  the  range  |r -A/2,  r +A/2| , where  A is  the  code  chip  width.  Translated  to  the  surface, 
these  returns  may  be  shown  to  define  an  ellipsoid-like  band  that  encircles  the  specular  point.  For 
nonzero  values,  the  area  included  in  each  band  is  very  extensive.  Thus,  if  the  surface  is  assumed  to  be 
random  and  rough  in  the  electromagnetic  sense  (i,e.,  surface  is  nonperiodic  and  has  height  undulations 
greater  than  electromagnetic  wavelength),  we  expect  that  the  phase  of  one  return  from  this  area 
■ relative  to  any  other  return  is  uniformly  distributed  between  0 and  2ff.  This  implies  that  a tap’s 

I in-phase  (I)  and  quadrature-phase  (Q)  components  are  statistically  independent  since  at  any  given 

{ 

! 

ft 
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instant  ot  time  there  shouki  he  numerous  returns  tallintr  into  each  tap.  We  test  this  hypothesis  in  two 
ways.  ( 1 1 In  lieterminmt!  the  tap  phase  statistics  histogram  (see  sec  5.4.2)  and  ( 2)  hy  calculating  the 
/ero-lag  correlation  coellicient  between  the  I and  Q ilata  samples;  i.e.. 


R,.g(0)  = 


<IQ>  - <1>  <(j> 

O|0Q 


(5-lS) 


Although  not  all  Oight  test  collection  intervals  have  been  subjected  to  this  analysis,  the 
resultant  correlation  coefl'icients  imply  that  the  I and  Q samples  are  strongly  independent.  However, 
we  do  note  that  a cnnsisU'iit  positive  bias  in  the  R|/q(0)  values  is  exhibited  by  the  total  data  base 
examined.  In  general,  values  ranging  between  roughly  -0.02  and  0.1  2 are  returned  from  the  R|/q(0) 
analysis,  with  an  average  value  on  the  order  of  0.05  being  obtained  for  the  total  ensemble.  We  illustrate 
this  for  several  llight  test  cases  presented  in  figure  5-36  where  R|^q(0)  is  plotted  versus  tap  number. 

For  each  of  these  cases  we  include  the  results  for  several  taps  preceding  the  specular-point  return  tap, 
which  serves  as  the  demarcation  between  the  "noise  present  only”  and  “multipath  present  ’ tap  bank 
regions.  It  is  important  to  note  that  the  positive  bias  in  the  Rj^glO)  function  is  displayed  by  both 
regions  of  the  tap  bank  ( i.e.,  for  noise-only  region,  an  average  R|^q(0)  value  of  0.047  is  obtained 
whereas  for  the  multipath-present  realm  it  equals  0.06),  Thus  we  find  it  plausible  to  conclude  that 
the  consistently  small  but  positive  degree  of  correlation  between  the  I and  0 tap  processes  is  due 
primarily  to  characteristics  of  the  receiver  and  not  to  a surface  phenomenon.  The  SACP’s70-MHz 
analog  quadrature-phase  splitter  appears  to  be  a very  likely  candidate  for  such  a receiver  perturbation, 
lypically,  such  devices  are  specified  to  provide  outputs  that  may  be  up  to  ±3°  away  from  orthogonality 
and  have  isolation  ratios  on  the  order  of  30  dB  at  the  70-MHz  frequency.  Both  of  these  factors  may  be 
shown  to  produce  an  erroneous  R|/q(0)  bias  equal  to  or  in  excess  ot  the  observed  0.06  value. 

With  respect  to  the  variations  of  the  I/Q  correlation  coefficients  about  the  0.06  mean  value, 
the  sample  space  size  was  on  the  order  of  1000  for  each  case.  Since  the  algorithm  was  configured  to 
desample  the  data  array  by  a 10: 1 factor  prior  to  the  statistical  analysis,  one  may  consider  the  1000 
points  to  be  statistically  independent.  Thus  one  expects  the  standard  deviation  of  the  parameter 
) " estimates  due  to  finite-sample  space  size  to  be  on  the  order  of  0.03.  The  observed  amount  of  fluctua- 

tion associated  with  the  R| ;q(0)  quantities  is  seen  to  be  in  accord  with  this  value. 

• 5.4.4  Tap  Process  Cross-Correlations  (Copolarization) 

Model  predictions  associated  with  aeronautical  satellite  oceanic  channel  characterization  arc 
invariably  associated  with  the  assumption  that  the  surface  scatter  elements  are  uncorrelated.  F'or 
example,  one  may  refer  to  the  work  of  Bello  (ref  5-1 ) with  respect  to  wkle-sense  stationary  uncorre- 
lated scattering  (WSSUS)  channel  or  to  the  surface  integration  model  described  in  section  6.  As  a test 
of  this  hypothesis,  we  investigate  the  cross-correlation  properties  of  the  complex  tap  processes  contained 


5-63 


Figure  5-36.  t/Q  Correlation  Coefficients 


within  a common  polarization  correlator  bank.  The  cross-correlation  function  (mean  removed)  is 
generated  in  a normalized  form  as  described  in  section  4.2. 


Indicative  of  the  results  obtained  from  this  analysis  are  the  data  sets  presented  in  figures  5-37 
through  5-41 . These  data  correspond  to  a variety  of  test  conditions  as  delineated  in  table  5-2;  note 
that  the  first  figure  represents  results  from  a noise-only  region  of  the  tap  bank.  The  data  presentation 
format  displays  a family  of  normalized  cross-correlation  functions  spaced  on  both  sides  of  a center 
curve  that  pertains  to  a particular  tap’s  autocorrelation  function  (referred  to  as  the  principal  tap).  Each 
distribution  offset  from  the  center  corresponds  to  the  correlation  between  the  principal  tap  and  a tap 
separated  from  it  by  an  amount  equivalent  to  the  offset  of  the  curve  (i.e.,  ±1,2,3,...).  Approxima- 
tely I 3 sec  of  real-time  data  is  used  for  each  cross-correlation  estimate  ( 1 0.000  samples). 


TABLE  5-2.  TAP  PROCESS  CROSS-CORRELA  TIONS:  FIGURE  REFERENCE 


Test 

date. 

mo-day-yr 

Elevation 

angle, 

deg 

Airplane 

heading 

Region  of 
tap  bank 

Figure 

4 2-75 

Not  applicable 

Not  applicable 

w°-2 

(noise  only) 

5-37 

4-2-75 

7 

In-plane 

*spec^°®^ 

5-38(a) 

4-2-75 

7 

In-plane 

‘spec^2'2 

5-38(b) 

4-2-75 

11 

Ooss-plane 

5-39 

3-31-75 

15 

Cross-plane 

*spec'"°®'*“ 

5-40 

2-27-75 



31 

In-plane 

‘spec^°-8 

5-41 

In  general  the  following  three  features  are  observed  to  be  common  to  each  of  the  data  sets. 

a.  The  zero  tap  offset  relationship,  i.e.,  the  tap  autocorrelation  lunction.  shows  distinct 
signal  structure  patterns  that  are  related  to  the  aircraft  heading  and  grazing  angle;  these 
are  discussed  further  in  section  5.4.5,  which  deals  with  the  tap-gain  autocorrelation  func- 
tion. We  also  note  that  the  autocorrelation  function  has  a sharp  spike^  at  the  zero-lag 
value  of  the  time  separation  coordinate.  This  is  a direct  result  of  the  wideband  receiver 
noise  present  in  each  of  the  taps.  Between  any  two  taps  the  noise  process  is  essentially 
uncorrelated,  and  thus  we  do  not  observe  the  zero-lag  spike  for  the  cross-correlation 
distribution.  As  previously  stated,  the  principal  tap  of  figure  5-37  contains  no  multipath 
signal  structure  and  thus  gives  a good  representation  of  the  noise  contributions  to  the 
autocorrelation  and  cross-correlation  results. 


U 

That  is.  location  of  principal  tap  with  respect  to  specular-point  return  (t^pgj,) 
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Figure  5-37.  Tap  Process  Cross-Correlations  — Noise-Only  Tap  Bank  Region 
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(b)  Tap  Bank  Region  + 2.2  psec 

Figure  5-38.  (Concluded) 
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Figure  539.  Tap  Process  Cross  Correlatior^s  — Low  Angle,  Cross-Plane  Geometry 
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Figure  5 40.  Tap  Process  Cross^Correfations  — Mid-Angte,  Cross  Piane  Geometry 


h.  For  unity  tap  separation,  the  cross-correlation  distributions  are  fairly  sipnificant  and 
(especially  for  the  low-anple  in-plane  cases)  have  the  appearance  of  being  attenuated 
replicas  of  the  autocorrelation  process.  I his  shoidd  iioi  be  interpreted  to  imply  that  the 
surface  scatter  elements  that  rellect  energy  into  adjacent  taps  are  highly  correlated.  It 
results  from  the  fact  that  adjacent  taps  have  a delay  region  of  commonality  over  which 
their  code  correlation  properties  intercept  significant  energy.  An  estiinate  of  the  “over- 
lap" effect  on  the  cross-correlation  properties  of  the  time-dispersed  multipath  process  is 
given  in  appendix  C;  for  the  purpose  of  this  discussion  we  extend  the  analysis  to  account 
for  the  fact  that  the  multipath  delay  spectra  may  exhibit  appreciable  variation  over  the 
duration  of  one  or  two  taps.  The  normalized  overlap  contribution.  Rj,(n).  between  taps 
n and  n-l  is  to  close  approximation  given  by: 


^ Q(t)|'Kt  - nT„)  'F*lr  nTo  + Tq)  dr 


R„(n)  =^~ 


ss- 


/ 


OtrH'Kr  - nTg)!^  dr  ^ Q(  - nT^, -(•  T„)|^  dr 


where: 

Q(t)  = multipath  delay  power  spectral  density 

'F(t)  = correlation  property  of  the  sampled  PN  probing  sequence 

Tq  = prober  PN  sequence  chip  width. 


Under  the  assumption  that  0(f)  is  constant  over  the  duration  of  two  taps.  R„(n)  may 
be  evaluated  in  a closed  form.  For  the  case  where  the  receiver  signal  processing  analog-to- 
digital  sampling  rate  is  infinite,  R^l  n)  is  equal  to  0.25 ; when  the  sampling  rate  is  twice 
as  fast  as  the  prober’s  chip  rate.  R^,(n)  decreases  to  0.1  7. 


F'or  all  data  sets  analyzed  under  this  topic,  the  2-to-l  sampling  rate  to  chip  rate  factor 
was  in  effect;  thus  we  may  use  the  0.1  7 value  for  R^(n)  as  our  baseline.  When  the 
experimental  Q(r)  distribution  is  included  in  the  above  relationship,  one  must  revert  to 
numerical  integration  techniques  to  derive  an  estimate  of  R^,(n).  Applying  this  method  to 
the  appropriate  delay  spectra  associated  with  the  examples  of  this  section,  we  obtain 
results  that  do  not  generally  differ  from  the  0.1  7 baseline  by  more  than  tlO'?  . This 
relatively  small  variation  may  be  attributed  to  the  fact  that  the  nonuniform  properties  of 
the  Q(t)  distribution  affect  the  numerator  and  denominator  of  the  above  Rp(n)rela- 
tionship  by  the  same  order  of  magnitude. 
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Comparison  of  the  nonzero  lap  values  for  adjacent  lap  cross-correlations  in  general  confirms 
that  the  expected  1 commonality  factor  is  realized.  Use  of  the  nonzero  lap  values  avoids 
the  siihstantial  noise  bias  effects  of  the  zero-lap  autocorrelation  function. 

When  two  laps  are  separated  by  two  or  more  chip  widths,  their  degree  of  correlation  is 
observed  to  be  very  small  if  not  entirely  negligible.  Typically,  the  cross-correlation  magni- 
tudes for  these  conditions  do  not  exceed  the  0.05  value.  We  also  note  that  the  neighboring 
values  of  a cross-correlation  estimate  exhibit  a high  degree  of  correlation  among  them- 
selves. 


Both  of  the  above  observations  under  item  c may  be  investigated  through  use  of  the  following 
relationships  Iderived  from  Jenkins  and  Watts,  ref.  5-10).  which  holds  valid  under  the  assumption  that 
the  lap  outputs  are  uncorrelated  and  taken  from  Gaussian  processes;  i.e.; 

OO 

r=-oo 


OO 

(5-20) 

OO 

r=-oo 


and 


PnV^’^mV+^' 

Rn,m(k.k+/3)  


where 

Rn,„(k.k+(J) 

Pn.n‘f* 

N 


= variance  of  i^(k ),  the  cross-correlation  estimate  between  taps  n and 
m at  lag  k 

= the  degree  of  correlation  between  the  kth  and  I R+(3)th  lag  estimates  ftrr 
the  cross-correlation  process  of  tap  n and  ni 
= the  autocorrelation  process  of  tap  n at  the  rth  lag  output 
= number  of  points  in  the  array  over  which  the  cross-correlation  estimates 
were  derived. 
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l or  our  jiialysi’s.  N = 10.000  ami  Iho  summation  r) /0|j,|^(r)  lakes  on  typical  values  oC 

1 and  4 for  the  eases  vs  here  hotli  n and  m are  noise-proeess-only  taps  and  where  they  are  both  occu- 
pied by  multipath,  respectively.  Hence  one  expects  estimation  standard  deviations  on  the  order  of 
0.01  for  the  noise  cross-correlations  and  0.02  for  the  multipath  cross-correlation.  In  general,  these 
values  appear  to  be  well  suited  to  the  observed  tluctuations  of  the  cross-correlation  estimates. 

ith  respect  to  the  degree  of  correlation  between  neighboring  values  of  a particular  cross- 
correlation estimate,  we  note  that  R„  n,(k.k  + /?)  is  dependent  only  upon  the  lag  separation  P and  is 
inlluenced  solely  by  the  nature  of  the  nth  ami  mth  taps'  autocorrelation  function.  Hence,  even  when 
tap  n and  m are  uncorrelated,  if  either  Pj^|,(r)or  p,^,.^(r)  falls  off  more  slowly,  then  the  neighbor- 
ing points  ot  the  cross-correlation  estimate  will  be  highly  correlated.  This  is  dratnatically  illustrated  in 
figure  .s-.^“’.  w here  the  principal  tap  ( 24)  is  noise-only  and  tap  25  is  the  first  tap  to  capture  multipath. 
Thus  taps  24.  2.T  and  22  have  autocorrelation  functions  that  are  essentially  I at  the  origin  and  0 else- 
where. whereas  taps  25  and  26  have  autocorrelation  functions  that  change  slowly.  Therefore,  when 
tap  24  IS  correlated  with  another  noise-only  tap.  the  neighboring  lap  outputs  are  not  correlated  to  each 
other;  on  the  other  hand,  neighboring  lag  outputs  for  the  correlation  of  tap  24  with  a multipath-present 
tap  are  observed  to  be  highly  correlated  ( in  fact.  Rj.|  m*  ^ ^ exhibit 

a much  slower  variation  across  the  correlation  function  .As  discussed  in  section  5.4.5.  the  tap  process 
autocorrelation  function  decays  more  rapidly  for  an  increase  in  delay:  conseiiuently  we  expect  the 
neighboring  lag  outputs  to  become  less  correlated  as  the  tap  number  increases.  This  result  is  also 
observed  m the  data  structure,  as  may  be  seen  by  comparing  figure  5-.58  with  figure  5-.56. 


5.4  5 Tap-<iain  .Autocorrelation  Function 

In  the  tapped  delay  line  synthesis  and  interpretation  of  the  multipath  scatter  phenomena  it  is 
unportant  to  have  a knowledge  of  the  channel’s  tap-gain  autocorrelation  function.  This  parameter  is 
proportional  to  the  autocorrelation  of  the  returned  signals'  nuctuations  in  the  complex  tap  gain  at  a 
specified  delay  (ref  5-1  ).  It  may  he  related  to  the  channel  scatter  function  and  time-variant  impulse 
response  as  follows 


Ulf.r) 


= c ' du) 


(5-22) 


= < h (r.t)  h*(T.t  -)■?)>■ 


(5-2.5) 


where  we  have  assumed  the  surlace  is  random  wideband  (i.e.,  no  periodic  component)  and  where  the 
following  definitions  are  used: 


(.^{.Ti  = tap-gain  autocorrelation  function  for  delay  t and  lime  lag  f 
StT.ui)  = delay-Doppler  function  (sec  5.1) 

H(I.t)  = complex  time  (t)  variant  channel  impulse  response  for  returns  with  delay  erpial  to  r. 
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I or  tins  report.  DR.iiul.X  empltasis  has  hccii  ilcvotcJ  to  charactcri/int;  the  multipath  process  at 
the  iiela\  -Doppler  coon.lmate  system  of  the  receiver.  Thus  it  is  instructive  to  consider  the  first  of  the 
above  relationships  as  an  aid  for  interpreting  the  Q(^.r)  data  anti  also  to  provide  an  extension  of  the 
results  presentetl  previouslv  lot  the  Str.u;)  functitm 

To  beem.  we  note  that  Ql^.rl  is  et|ual  to  the  inverse  Courier  transform  of  Str.cj)  on  the 
Doppler  variable.  Hence.  Qlf-r)  is  innueiiced  not  only  by  sea  slope,  polarization,  and  elevation  angle, 
but  also  by  the  aircraft  heading.  Since  the  tap  Doppler  spread  increases  for  increasing  t and  elevation 
angle,  we  expect  that  each  tap's  decorrelation  time  will  decrease  for  an  increase  in  these  parameters.  The 
aircraft  heading  effects  upon  QtJ.r)  may  be  predicted  by  recalling  that  for  in-plane  geometry,  the 
SiT.ccI  IS  characteri/ed  by  distinct  high-energy  spectral  humps  that  occur  for  each  tap  at  the  extremi- 
ties of  the  range  over  which  Doppler  returns  are  physically  possible.  For  taps  on  the  order  of  0.5  /asec 
or  more  removed  from  the  s[-)ecular  return,  very  little  energy  falls  between  these  humps;  for  the  cross- 
plane  geometry  case,  each  lap's  Doppler  spectrum  has  an  energy  distribution  across  the  permissible  realm 
that  is  nearly  uniform  ( higher  slopes)  or  almost  Ciaussian  (lower  slopes)  with  very  little  bias  toward 
extreme  heaviness  in  the  tails.  One  therefore  expects  that  for  the  in-plane  case  the  Qf^.r)  function 
will  possess  periodic  lalmost  sinusoidal)  behavior  in  the  J variable,  with  an  increase  in  fre()uency  being 
associated  with  an  increase  in  tap  number.  On  the  other  hand,  the  cross-plane  case  should  be  charac- 
terized by  a ^ dependence  that  falls  off  in  a pseudo-Gaussian  ( lower  slopes)  or  sin  x/x  ( higher  slopes) 
like  manner,  with  the  decay  rate  of  the  falloff  increasing  with  tap  number.  F'inally  we  note  that  along 
the  i = 0 axis,  the  tap-gain  autocorrelation  function  is  equivalent  to  the  channel  delay  spectra,  and 
consequently  0(0. r)  should  not  depend  on  aircraft  heading. 

In  general,  these  contentions  are  substantiated  by  the  experimentally  derived  estimates  of 
Q(^.t)  We  illustrate  this  by  presenting  high-  and  low-grazing-angle  data  for  both  in-plane  and  cross- 
plane geometries  t figs.  5-12  through  5-45 1.  Table  5-3  relates  figure  number  to  test  condition.  For  all 
cases  polarization  was  horizontal  and  the  prober  chip  rate  was  5 MHz.  which  implies  a tap  capture 
width  of  .ipproxirnately  0.2  ;rsec. 


TABLE  5-3.  \Qilr)\  FUNCTION:  FIGURE  REFERENCE 


Date, 

mo-day-yr 

Elevation 
angle,  deg 

Flight 

geometry 

Figure 

4 2 75 

7.5 

In-plane 

ESH 

4 2 75 

8.5 

Cross-plane 

227-75 

30 

Inplane 

5-44 

2-27  75 

31 

Cross-plane 

5-45 

One  further  observation  to  be  drawn  from  the  experimental  data  pertains  to  the  fact  that  the 
dissimilarities  between  the  cross-plane  and  in-plane  geometries  are  not  nearly  as  evident  for  the  high- 
angle  case  as  they  are  for  the  low-angle  case.  Again  this  result  follows  directly  from  an  S(r,co)  function 
observation  with  regard  to  the  Doppler  variable.  That  is.  for  a decrease  in  grazing  angle  we  observe  that 
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Figure  5-42.  Q(i,r)  Distribution  — /.ow  Angle,  In-Plane  Geometry 
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Figure  5-43.  Distribution  — Low  Angle,  Cross-Plane  Geometry 
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till'  channel’s  Doppler  spectra  for  the  alternate  in-plane  anti  cross-plane  geometries  become  increasingly 
dissimilar. 


5.4.()  Cross-Polarization  Joint  Statistics 

To  correctly  interpret  the  statistical  properties  of  the  horizontal-vertical  channel  mult'path  data, 
some  cons  deration  must  be  given  to  stationarity  and  statistical  significance.  We  approach  the  problem 
by  dividi^|^  each  set  of  multipath  data  into  two  ensembles.  The  first  ensemble  is  comprised  of  the  first 
half  of  the  data;  the  second  ensemble  contains  the  second  half.  If  the  statistical  properties  of  each 
ensemble  are  reasonably  similar  and  if  the  underlying  processes  are  stationary,  it  is  safe  to  assume  that 
a sufficiently  large  amount  of  data  has  been  examined.  However,  if  the  underlying  processes  are  not 
stationary,  then  it  is  unlikely  that  statistical  equivalence  will  be  observed  between  the  two  ensembles. 

An  estimate  of  the  required  ensemble  length  can  be  made  under  the  assumption  that  a 5% 
standard  deviation  in  the  computed  statistics  is  acceptable.  This  implies  the  number  of  degrees  of 
freedom  (independent  samples)  in  our  data  base  must  be  greater  than  or  equal  to  400,  i,e.,  1 /(0.05  x 
0,05),  Since  the  time-bandwidth  product  for  a Nyquist-sampled  process  is  equivalent  to  the  number  of 
degrees  of  Ireedom  in  the  process,  we  can  estimate  the  required  data  length  by  knowing  the  bandwidth. 
At  7°  grazing  angle  (the  smallest  angle  for  which  the  data  was  processed),  the  minimum  rms  Doppler 
spreads  (second  moment)  that  have  been  observed  are  on  the  order  of  30  Hz,  Completing  the  indicated 
computation,  an  ensemble  length  on  the  order  of  1 3 sec  is  required.  Table  5-4  presents  approximate 
ensemble  lengths  for  some  representative  elevation  angles  based  on  typical  rms  Doppler  spreads. 


TABLE 5-4.  ESTIMATE  OF  REQUIRED  ENSEMBLE  LENGTH 


Elevation 

angle, 

deg 

Observed 
rms  Doppler 
spreads,  Hz 

Required* 
ensemble 
length, aec 

7 

30 

13.3 

10 

65 

6.15 

11 

75 

5.3 

32 

180 



2.2 

^Assumes  S%  standard  daviation  in  estimates. 


Four  sets  of  horizontal-vertical  (H-V)  multipath  data  have  been  processed.  Pertinent  test  condi- 
tions, such  as  azimuth  with  respect  to  the  satellite,  elevation  angle,  and  multipath  antenna  depression 
angle,  may  be  found  in  table  5-5,  This  table  applies  to  data  reduction  and  analysis  covered  by  this 
section  and  section  5,5,  which  discusses  the  H-V  cross-covariance.  Table  5-6  similarly  lists  the  signal 
plus  noise-to-noise  ratios  obtained  at  the  tap  process  containing  the  maximum  multipath  energy. 

Values  for  both  ensembles  and  the  aggregate  appear  in  this  table.  Under  the  assumption  that  we  have 
achieved  statistical  significance  and  that  the  underlying  processes  are  Gaussian  (with  constant  means), 
then  signal-to-noise  ratio  may  be  interpreted  as  a stationarity  parameter . 
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TABLE  5-5.  TEST  CONDITIONS  AND  PROCESS  CORRELA  TION  COEFFICIENTS 
FOR  PROCESSED  TAPES 


Linear  Polarization  — Front  Multipath  Antenna 


Tape 

Azimuth, 

deg 

Elevation 

angle, 

deg 

Multipath 

antenna. 

deg 

Horizontal- 

vertical 

correlation 

coefficient 

(magnitude) 

Predicted 

envelope 

correlation 

coefficient 

(G.H.)^’ 

Envelope 

correlation 

coefficient 

Carrier® 

correlation 

coefficient 

(magnitude) 

Total 

data 

processed, 

sec 

ATO  188  (H) 
ATO  189  (V) 

0 

7 

-25 

0.608 

0.347 

0.336 

- 

33.52 

ATO  173  (Hi 
ATO  174  (V) 

0 

10 

-25 

0.710 

0.478 

0.458 

- 

33.52 

ATO  198  (H) 
ATO  199  (V) 

a 

n.559 

0.540 

0.474 

33.52 

ATO  124  (HI 
ATO  12&  (VI 

a 

-45 

0.690 

0.691 

3.35 

^Correlation  coefficient  for  H and  V tap  sums 
^G.H.  = Gaussian  hypothesis. 


TABLE  5-6.  SIGNAL  PLUS  NOISE-TO-NOISE  RATIOS  FOR  TEST  TAPES  EXAMINED 


Horizontal  Channel,  dB 

Vertical  Channel,  dB 

Tape 

Ensemble  1 

Ensemble  2 

Aggregate 

Ensemble  1 

Ensemble  2 

Aggregate 

ATO  188  (H) 
ATO  189  (V) 

8.70 

8.72 

8.71 

3.43 

3.62 

3.52 

ATO  173  (H) 
ATO  174  (V) 

10.40 

10.56 

10.48 

4.90 

4.97 

4.93 

ATO  198  (H) 
ATO  199  (V) 

7.18 

7.42 

7.30 

6.47 

6.46 

ATO  124  (HI 
ATO  125  (V) 

8.56 

8.43 

8.50 

9.57 

9.39 

9.48 

The  statistical  properties  of  the  individual  tap  processes  have  been  discussed  in  sections  5.4.1 
and  5.4  4.  The  purpose  of  this  section  is  to  examine  the  joint  statistical  behavior  of  the  horizontal 
and  vertical  tap  processes  and.  because  of  the  precedinp  results,  this  task  is  reduced  to  one  of  estiniat- 
in>!  the  complex  M-V  correlation  coefficient  for  the  tap  outputs:  i.e,. 


<H  V*> 
[<|II|^><|V|^] 


(5-24) 
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where  < > ilenotes  .in  enseinhle  .iverage.  The  above  i|uantity  indieales  (he  physical  coupling  between 
hon/ontally  and  vertically  polarized  returns  for  a single  delay  contour  In  attempting  to  ilerive  analytic- 
al models  lor  the  multipath  scattering  mechanism,  this  parameter  plays  an  important  role  Multipath 
moilels  currently  in  use  implicitly  assume  that  P||v  unity,  i,e,,  that  a surlace  capable  ol  s(.attering 
vertically  polarized  signals  will  likewise  scatter  horizontally  polarized  signals,  albeit  with  a diHerent 
intensity  and  phase  angle.  These  ll-V  tap  correlation  elTects  will  also  be  relevant  to  communications 
diversity  schemes,  where  a decorrelation  between  11  and  V returns  would  allord  the  opportunity  to 
increase  the  receiver's  immunity  to  lading. 

Table  5-5  indicates  the  results  obtained  in  processing  pairs  oT  M and  V tap  wavelorms.  Inlor- 
mation  m table  5-5  includes  ( 1 ) the  length  in  seconds  oT  the  processed  data.  ( 2l  the  magnitude  of  the 
horizontal-vertical  channel  complex  correlation  coct'ficient,  (3)  the  horizontal-vertical  channel  envelope- 
correlation  coefl'icient.  and  (4)  the  magnitude  of  the  horizontal-vertical  channel  carrier  complex 
correlation  coefficient.  Note  that  the  H-V  correlation  coefficients  shown  include  both  multipath  and 
thermal  noise  components.  Corrections  must  be  applied  to  obtain  correlation  properties  of  the  multi- 
path  processes  alone. 

If  the  underlying  processes  are  complex  Gtiussian.  a lunctional  relationship  exists  between  the 
magnitude  of  the  complex  correlation  coetficient  and  the  envelope  correlation  coelficient.  From 
reference  5-1  I , the  predicted  envelope  correlation  coefficients  are  included  in  table  5-5.  They  agree 
favorably  with  the  computed  envelope  correlation  coetticient. 

With  the  objective  of  establishing  the  reliability  of  parameter  estimates,  the  signal-to-noise  level 
at  the  strongest  tap  was  evaluated.  This  was  achieved  by  computing  the  tap  signal-plus-noise  power 
along  with  the  noise  power  in  a tap  well  removed  from  the  signal  energy  peak.  By  assuming  the  average- 
noise  power  to  be  identical  for  these  two  taps,  a signal-to-noise  measure  can  be  obtained.  The  signal 
plus  noise-to-noise  ratios  are  listed  and  tabulated  in  table  5-6. 


As  a result  of  the  relatively  poor  signal-to-noise  conditions  under  which  the  tests  were  conducte*d, 
the  correlation  co=*fCcients  of  table  5-5  represent  process  correlation  coefficients  and  not  multipath 
signal  correlation  coeflici-'nts.  If  we  denote  the  instantaneous  horizontal  and  vertical  sign.il  power  by 

11  and  V.  and  the  corresponding  instantaneous  noise  power  by  N|j  and  Ny.then 

<(H  -t-  NfjHV  + Ny)*> 

^<lH-bN„PX|V-i-Nvl’> 


where 
< > 


= complex  process  correlation  coefficient 
= time  average. 
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I ho  miiinp.itli  si^inal  v.orrc!;ition  (.uciricicnt.  ca.  be  defined 


Ps 


<H  V*> 

<iH|-><|Vp> 


(5-25) 


\ssiiinin>!  Ilial  (he  Mim.il  and  noise  processes  are  uneorrelaled.  then  Pp  reduces  to; 


<H  V*> 

or 


(5-26) 


/ 


<IMP  + |N„I‘X|V|=  + |Ny|'> 


(5-27) 


With  the  aid  ot  table  5-ri.  vse  can  estimate  the  ratio  P^  Pp  and  determine  the  value  of  p^.  The  results 
appear  in  table  5-"' 


TABLES/.  HORIZONTAL  VERTICAL  CORRELATION  COEFFICIENTS 
I SIGN  A L TO  NOISE  COMPENSA  TED) 


Tape 

~ ■ 1 

Azimuth , 
deg 

Elevatian 

angle, 

deg 

Horizontal- 

vertical 

correlation 

coefficient 

Approximate  signal 
to-noise  ratios, 
dB 

Horizontal 

channel 

Vertical 

channel 

ATO  188 
ATO  189 

0 

7 

0.8763 

8.08 

0.97 

ATO  173 
ATO  174 

0 

10 

0.9076 

9.60 

3.25 

ATO  198 
ATO  199 

90 

11 

0 9644 

6.40 

5.35 

ATO  124 
ATO  125 

315 

32 

0,9682 

7.83 

8.96 
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5.4  ■'  Multipath  Signal  Stationarity  Considerations 


Individual  data  analysis  periods  (e.g.,  Str.w)  estimates)  in  general  entail  a data  collection  time 
interval  of  5 to  I 3 sec.  Over  this  time  period,  which  for  a 400-kn  airplane  velocity  translates  into  a 
surface  trajectory  of  up  to  2600  m,  it  is  possible  that  the  scattering  characteristics  of  the  sea  surface 
illuminated  by  the  aircraft  antenna  could  change  somewhat.  To  detect  such  changes  in  the  surface 
homogeneity,  we  may  subject  the  outputs  of  the  SACP receiver  to  signal  stationarity  procedures. 

The  concept  of  homogeneity  refers  to  ensemble  spatial  distributions  of  a random  process.  A 
process  is  said  to  be  wide-sense  homogeneous  if  its  mean  is  constant  and  if  the  correlation  function 
between  two  points  is  a function  of  the  vector  differences  between  the  two  points.  Furthermore,  the 
process  is  said  to  be  isotropic  if  the  correlation  function  is  not  dependent  upon  direction;  i.e,, 


Homogeneous 

Isotropic: 


<r)(r)>  = constant 

< h <t| ) T?*(r-i)  >=  function  of  r I - r->  only 


< Tj  (r)  > = constant 

< r)  (rj ) rj*(r-,)  >=  function  of  |r|  -rslonly- 


In  analy/ing  the  received  signal  data  we  are  testing  for  stationarity.  A process  is  stationary  in 
the  wide  sense  if  its  mean  is  not  time  dependent  and  its  correlation  function  depends  on  time  difference 
only;  i.e.. 


Stationarity;  <S(t)>  = constant 

< S(t  I ) S’lti)  > = function  oft)  -tionly. 

For  the  multipath  experiment  one  expects  the  received  signal  data  to  be  stationary  if  the  sea  surface 
IS  isotropic  with  non-time-varying  statistics  over  the  data  collection  interval. 

We  as.sume  the  airplane  velocity  is  large  enough  so  that  the  sea  surface  may  be  considered 
“frozen.”  Thus  the  stationarity  requirements  are  satisfied  if  the  tap-gain  autocorrelation  function  and 
the  mean  I and  Q tap  components  of  the  received  signal  are  constant.  The  latter  requirement  is 
fulfilled  if  the  coherent  component  of  the  multipath  signal  Is  time  invariant.  For  the  sum  total  of  all 
analyses  conducted,  there  has  been  no  evidence  that  would  indicate  a reflection  process  that  is  apprec- 
iably less  than  totally  incoherent.  Thus  for  the  ensuing  stationarity  test  example  we  relax  the 
“<  S(t)  > = constant”  investigation  and  concentrate  on  presenting  results  pertaining  to  the  tap-gain 
autocorrelation  function  Off.r). 

Example  stationarity  test  results  for  the  cross-plane  tlight  test  leg  of  March  31 , 1975,  are  given 
in  figure  5-46.  This  data,  gathered  at  an  elevation  angle  of  15°  over  the  horizontal  polarization  multi- 
path  antenna  port,  has  a tap  width  duration  of  0.2  psec  (i.e.,  5-MHz  PN  chip  rate).  Five  Q({,r)  distribu- 
tions are  presented,  with  each  estimate  being  obtained  over  a 1 .7-sec  time  interval  and  separated 
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(a)  First  Time  Interval 

Figure  5 46.  Tap-Gain  Autocorrelation  Function  Plots  for  Stationarity  Investigation 
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(b)  Second  Time  fntervet 
Figure  5-46.  (Contmued) 
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trom  Its  .uijiK'cnl  lu'itihhur  hy  approximatWy  I sec  I'lms  a lolal  nine  interval  on  the  order  oC  slifthtly 
over  I min  is  represented  in  a sainpleil  lorin. 

A nualitative  visual  comparison  of  the  live  data  sets  leads  one  to  conclude  that,  for  the  most  part, 
the  y({.r)  distrihiitions  do  not  exhibit  any  appreciable  chantte  over  the  time  interval  of  record.  Minor 
changes,  of  course,  could  be  induced  by  changes  in  the  surface  characteristics  or  by  the  expected  statis- 
tical variance  associated  with  the  finite  sample  lime  iluralion. 

One  area  of  the  J.r  realm  that  appears  to  be  subjected  to  a small  systematic  time  variation 
relates  to  the  region  m the  vicinity  of  the  specular-point  return  ( i.e..  that  t value  which  is  typically 
associated  w ith  the  lar.eest  gam  value,  or  perhaps  a traction  of  a tap  on  either  side  of  it ).  In  particular, 
we  detect  that  the  relative  amplitudes  Inoticeable  primarily  at  the  /ero-lag  axis  value)  associated  with 
the  first  three  multipath-present  taps  change  in  such  a way  that  for  the  first  40  sec  or  so  the  second 
multipath  tap  increasingly  becomes  predominant;  the  procedure  reverses  itself  for  the  last  20  sec  of  the 
total  time  interval.  We  have  purposely  restricted  this  analysis  to  the  cross-plane  geometry  in  an  attempt 
to  avo-d  “sin  Igra/ing  angle)”  induced  changes  in  the  bulk  differential  time  delay  between  the  multi- 
path  process  and  direct  path  signal  ( i.e..  the  time  tracking  reference).  Such  changes,  which  over  a l-win 
duration  at  the  particular  nominal  grazing  angle  location  are  significant  relative  to  a chip  width  duration, 
would  obviously  cause  the  multipath  process  to  march  across  the  tap  bank.  For  the  example  being  dis- 
cussed, direction  meanders  away  from  the  cross-plane  direction  could  certainly  induce  the  observed 
behavior  m the  first  three  multipath  taps.  Similarly,  changes  in  the  aircraft’s  altitude  could  innuence 
the  differential  bulk  delay  between  direct  and  specular-point  paths  ti  e.,  for  the  first  40  sec  a slight  air- 
craft heading  toward  the  satellite  or  an  altitude  increase  could  produce  the  observed  results,  with  the 
last  20  see  being  associated  with  the  opposite  changes  in  aircraft  system  parameters).  .Alternatively  the 
aircraft  parameters  may  not  have  deviated  from  the  specified  condition,  and  one  is  then  led  to  conclude 
that  the  observed  signal  phenomenon  is  related  to  the  characteristics  of  the  scatter  surface. 

I he  results  of  the  above  example  are  expected  to  be  somewhat  representative  for  other  llight 
tests  and  are  in  accordance  with  expectation,  considering  the  hmiteil  time  duration  of  the  intervals 
analv/ed  as  well  as  the  fact  that  rms  sea  slope,  the  most  significant  surlace  parameter,  is  roughly  pro- 
portional to  the  square  root  of  wind  velocity  ti  e.,  a 2-to-l  change  in  w ind  velocity  results  in  aV2~ 
change  in  the  effective  scatter  characteristics). 


5.5  ( ROSS-POWl  R SIM  fTRA  FOR  IIORIZIONTAI.I.Y  AND  VFRIICALI.Y  I’OLARIZFD  RETURNS 

The  correlation  properties  of  the  scattered  II  and  V fields  were  studied  in  section  5.4.6,  where  the 
emphasis  was  on  joint  H and  V statistics  of  the  tap  processes.  Physically,  a single  tap  process  is  formed 
from  the  contributions  of  many  Independent  scattering  surfaces  lying  along  a constant  delay  contour  on 
the  ocean.  The  derived  correlation  functions  therefore  yield  information  concerning  the  integrated 


clU'cIs  alon>!  this  Mirl.icc.  \i.Loriliii,i;ly  any  mothoii  ol  invcsti>>ating  scaltcnng  properties  over  a smaller 
spatial  region  is  oT  interest. 

One  teelinuiue  tliat  provides  substantial  improvement  in  resolution  is  based  on  the  method  of 
eross-speetrum  analysis.  W hen  a segment  of  a tap  proeess  is  b'ourier  transformed  into  the  fre(|ueney 
domain,  the  resulting  spectral  eomponents  can  be  identified  with  a specific  spatial  location  on  the 
appropriate  delay  contour.  .Mthough  this  mapping  will  not  be  one-to-one.  advantage  can  be  taken  ot 
the  angular  symmetry  tnat  prevail,  for  in-plane  llights  to  argue  that  the  two  spatial  regions  providing 
contributions  to  a particular  spectral  component  should  have  identical  scattering  properties,  i.e..  the 
scattering  angles  relative  to  the  aircraft  and  satellite  positions  will  be  identical  for  the  two  scattering 
.ireas.  Kigure  5-47  illustrates  this  geometrical  configuration. 

.After  spectral  components  for  each  horizontal  and  vertical  tap  process  have  been  obtained,  a 
cross-spectrum  can  be  formed: 

* ^ <llir’i  V*  (i')>  , 15-28) 

where 

P|j^-  = the  spectrum 

lltr  l.Vln)  = horizontal  and  vertical  polarization  spectra  for  tap  k over  a given  data  segment 
<•>  = time  averaging  over  many  segments  of  data. 

Ihe  cross-spectrum  P||Y(t'l  can  be  normalized  to  yield  a cross-spectrum  correlation  coetficient.  which 
is  then  interpretetl  in  precisely  the  same  manner  as  was  the  correlation  coefficient  for  the  total  tap  pro- 
cesses discussed  earlier  in  section  5.4.6,  i.e..  it  indicates  statistical  dependence  of  the  II  and  V scattered 
components  over  a particular  spatial  region.  Quantitative  information  concerning  phase  relationships 
for  the  II  and  V scattering  cross  s ction  can  also  be  extracted  directly  from  the  cross-power  spectrum. 

■\n  inherent  benefit  accruing  from  the  cross-spectrum  analysis  is  that  of  signal-to-noise  enhance- 
ment. f 'rom  the  structure  of  the  scattering  functions  shown  in  other  sections  anil  again  in  the  cross- 
spectrum  magnitudes  to  be  presented,  it  is  evident  that  3-dB  Doppler  spreads  of  around  10  Hz  can  be 
anticipated  at  a particular  multipath  delay,  fhe  spectral  analysis  effectively  provides  a high  resolution 
filtering  of  the  tap  process,  resulting  in  a processing  gain  commensurate  with  the  noise  bandwidth- 
signal  bandwidth  ratio  Typically,  the  delay-Doppler  cell  signal-to-noise  ratio  is  20  to  ,30  ilB  at  the 
energy  peak  for  each  tap  l ess  endearing  is  the  penalty  for  higher  resolution,  which  appears  as  a require- 
nient  for  longer  record  lengths  to  achieve  sufficient  averaging  over  the  signal  nuctuations. 

l.valuation  of  the  tap  cross-spectrum  defined  by  ei|uation  (5-28)  has  been  carried  out  for  the 
link  configurations  summarized  in  table  5-5.  .Some  examples  of  the  numerical  results  are  found  in 
tables  5-8  and  5-‘>).  hach  pair  of  ligures  pertains  to  a single  llight,  with  the  (a)  figure  indicating 
behavior  near  the  zero  Doppler  point  and  the  (b)  figure  showing  a second  region  further  out  in 
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tri'i|ui'iKV.  Magniluiio  and  phase  characteristics  are  also  shown.  Carelul  examination  of  the  magnitude 
array  discloses  a marked  ridge  effect.  Comparison  of  these  values  with  values  removed  fromthe  ridge 
illustrates  the  dramatic  signal-to-noise  improvement  alluded  to  above.  In  this  regard,  it  would  appear 
that  additive  thermal  noise  does  not  constitute  a serious  problem  as  far  as  estimation  performance  is 
concerned.  Neglecting  errors  attributable  to  the  noise,  it  can  be  shown^  that  the  normalized  rms 
error  m estimates  of  i.e.,  fractional  error,  can  be  expressed  as: 


• Puyi'f 


IPHVI  ^ 


N 

^IV  PflV 


= statistical  expectation 

= number  of  independent  samples  used  in  equation  (5-28) 
= estimated  and  true  cross-spectrum  values  at  frequency  t> 
= the  corresponding  correlation  coefficient  . 


I he  number  of  segments  N used  in  the  data  reduction  was  35  or  less.  Consequently,  the  fractional  error 


0.16  for  pjjY  ^ ' 0 ■ 


Percentage  variations  of  this  order  are  apparent  in  the  data  tabulated  in  tables  5-8  and  5-9. 

Similarly,  the  rms  error  in  estimating  the  cross-spectrum  phase  component  can  be 
expressed  as:'^ 


0.1  radian 


^P.  Alexander,  “Performance  of  the  M-V  Correlation  Coefficient  Kstimator."  CNR  Internal  Memo, 
November  1975, 
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V';iruilion  in  phase  cslinialcs  ot  this  scale  can  reaiiil>  he  seen  from  the  dclay-DoppIcr  arrays  in  tables 
5-8  and  5-‘>.  The  estimate  Huctuations  become  even  more  extreme  away  from  the  main  energy  ridge, 
as  can  be  verified  from  the  figures.  It  is  further  noted  that  for  in-plane  flight  direction,  the  spectra 
ridges  in  the  delay-Doppler  realm  correspond  to  scattered  energy  arriving  from  surface  elements  spaced 
along  the  great  circle  axis  ioining  the  subaircraft  and  substitellile  locations.  Hence,  the  scattering  pro- 
cesses associated  with  these  returns  are  not  subjected  to  the  phenomenon  of  depolari/.ation.  This  lact 
greatly  simplifies  the  correlation  of  measurement  with  theoretical  expectation  (e.g,.  the  relative 
amplitude  difference  between  the  II  and  V prober  at  the  transmitter  may  be  ignored). 

(ieometrical  relationships  and  Fresnel  smooth-earth  reflection  coefficients  are  employed  to 
predict  the  theoretical  M and  V probe  phase  differences  that  exist  tor  scattered  energy  Iroin  the  great 
circle  surface  axis,  hach  location  along  this  path  has  a unique  Doppler  shift,  which  allows  the  pre- 
dicted phase  angle  to  be  correlated  to  the  measured  value  via  the  frequency  coordinate  ot  the  cross- 
power spectrum  estimate. 

Fxperimental  values  I ridge)  of  the  cross-power  spectra  phase  measure  lor  two  flight  tests  are 
itemized  in  tables  5-10  and  5-1  1 . Both  data  ensembles  pertain  to  the  in-plane  geometry  llight  vector 
direction  and.  as  indicated  in  the  tabulation,  present  phase  angle  versus  the  delay-Doppler  receiver 
coordinate.  Corresponding  to  the  10°  and  ''.5°  specular-  point  grazing  angles  of  these  tests,  we  present 
theoretical  relative  phase  angle  estimates  versus  Doppler  frequency  shift  in  figure  5-48.  The  plotted 
phase.  0J,.  IS  derived  from 


<f>e  - ■ 


(5-31) 


where  and  Ry  are  the  classical  Fresnel  sea  water  reflection  coefficients  for  horizontal  and  vertical 
polari/.at  ion . respect  ively . 

Combining  the  data  from  tables  5-10  and  5-1 1 and  figure  5-48  provides  a means  for  comparing 
experiment  with  theory.  These  relationships  are  given  in  ligures  5-49  and  5-50  for  the  10  and  7.5 
grazing  angle  cases,  respectively.  To  account  for  phase  biases  associated  with  the  ATS-6  satellite 
antenna  and  the  initial  condition  of  the  prober  as  the  biases  leave  the  transmitter,  the  0^,  estimates 
have  been  shifted  by  a constant  value.  For  the  10°  and  7.5°  grazing  angle  conditions,  this  adjustment 
factor  amounts  to  0.3  and  0. 18  radian,  respectively  For  both  data  sets  we  observe  a high  degree  of 
correspondence  between  experiment  and  theory;  areas  where  departures  are  in  evidence  can  be  related 
to  airplane  and  A1  .S-()  antenna  polarization  vector  nonuniformities  over  the  surface  “glistening  zone.” 
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TABLES  10.  PHASE  ANGLE  OF  CROSS-SPECTRUM  VERSUS  DELA  Y-DOPPL  ER  COORD  !NA  TE. 
IN-PLANE  FLIGHT,  MARCH  31.  1975 


Note:  Specular  point  grazing  angle  =10° 


Frequency, 

Hz 

Tap  number 
(0.2-psec  steps) 

Relative 

magnitude 

Phase, 

rad 

+ 13.7 

34 

1.04 

-1.84 

+ 13.1 

32 

1.47 

-1.97 

♦ 12.5 

32 

1.47 

-1.92 

+ 11.3 

31 

1.62 

-2.05 

+ 10.1 

30 

2.19 

-1.99 

* 9.5 

29 

2.16 

-2.00 

+ 8.J 

29 

2.48 

-2.00 

> 7.1 

28 

2.98 

-2.13 

♦ 5.9 

28 

2.88 

-2.13 

+ 4.2 

27 

4.38 

-2.27 

+ 2.4 

27 

3.16 

-2.26 

+ 0 

27 

3.44 

-2.20 

- 5 

27 

2.65 

-2.21 

- 10 

27 

3.57 

-2.32 

- 15 

27 

4.59 

-2.41 

- 20 

28 

3.66 

-2.46 

- 25 

28 

3.10 

-2.48 

- 30 

29 

3.65 

-2.48 

- 35 

30 

2.59 

-2.49 

-40 

30 

2.03 

-2.60 

- 45 

31 

2.44 

-2.57 

- 50 

32 

2.62 

-2.59 

- 55 

32 

1.78 

-2.63 

- 60 

33 

1.48 

-2.65 

- 65 

34 

2.08 

-2.69 

- 70 

34 

1.35 

-2.80 

TABLE  5-11.  PHASE  ANGLE  OF  CROSS-SPECTRUM  VERSUS  DELA  Y DOPPLER  COORDINATE, 
IN-PLANE  FLIGHT,  APRIL  2,  1975 


Note:  Specular-point  grazing  angle  = 7.5° 


Frequency, 

Hz 

Tap  number 
(0.2-^  sec  steps) 

Relative 

magnitude 

Phase, 

rad 

-t  10.1 

33 

0.818 

- 1.61 

+ 9.5 

31 

1.09 

- 1.56 

+ 8.3 

30 

2.12 

- 1.58 

+ 7.1 

28 

3.18 

- 1.68 

+ 5.9 

27 

3.14 

- 1.77 

+ 4.2 

26 

4.54 

- 1.85 

+ 2.4 

26 

5.87 

- 1.78 

+ 0 

26 

2.59 

- 1.89 

- 2.4 

25 

2.62 

- 2.06 

- 4.2 

25 

2.40 

- 2.13 

- 6.5 

25 

1.56 

- 2.06 

- 10.1 

26 

2.66 

- 2.15 

- 12.5 

26 

3.02 

- 2.30 

- 15.4 

26 

1.80 

- 2.33 

- 20.0 

27 

1.96 

- 2.47 

- 25.0 

28 

1.02 

- 2.42 

- 30.0 

28 

1.19 

- 2.59 

- 35.0 

29 

1.00 

- 2.72 

-40.0 

30 

0.847 

- 2.72 

-45.0 

30 

0.659 

- 2.86 

- 50.0 

31 

0.865 

- 2.85 

- 55.0 

32 

0.55 

- 2.78 

- 60.0 

32 

0.418 

- 2.78 

- 70.0 

33 

0.106 

- 2.65 

5-100 


Relative  Doppler  frequency  shift,  Hz 
Figure  5-48.  Theoretical  Phase  Angle  Versus  Doppler  Shift 


Relative  Doppler  frequency,  Hz 


er  frequency,  Hz 

Doppler  Frequency  Shift  (7.5°  Specular-Point  Grazing  Angle) 


5.(1  I'ROBl  R ANTI  NN A SPATIAl.  Ml.Tl.RING  CONSIDKRATIONS 


5.6.1  ,\1;ithoin;iticul  Basis  for  .Antenna  Pattern  Removal 

lo  runove  the  prober  aircraft  antenna  pattern  effects  from  the  channel  measurements,  it  is 
first  necessary  to  make  stnne  assumptions  with  regard  to  the  mechanism  by  which  the  electromagnetic 
waves  are  scattered  from  the  sea  surface.  In  line  with  the  most  widely  accepted  theoretical  treatments 
and  the  good  agreement  between  experiment  and  theory  as  presented  in  section  6.  we  base  our  analysis 
upon  the  vector  formulation  of  the  physical  optics  very-rough-surface  scatter  model.  Under  this 
assumption  the  received  power  from  an  increment  of  surface  area  is  expressed  as 


dP 


rcvd 


(T„ 


cf 


"cf*  ®xs 
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where: 

dPrcvd  ~ power  received  per  incremental  area 

r^.C  ~ complex  coefficient  that  accounts  for  coupling  losses  between  the  incident  polarization 
vector,  the  tilted  surface  facet,  and  the  receiver  polarization  vector 
(j^^  = surface  area  scatter  cross  section. 

The  aircraft  antenna  influence  is  embodied  only  in  parameter  T^,|-.  which  may  be  represented  as 


Tj^|-  “ R||(a)  l^tA  eos  6j  + B sin  6jMC  cos  6^.  + U sin 

-Rj^(a)  ^(Bcos6j  - sin  6jl(-I)  cos  6^  + ('sin6j,)j 


(5-33) 


where: 

R||(a) 

Rj(a) 

a 


A.BX  ,D 


parallel  Fresnel  reflection  coefficient 
perpendicular  Fresnel  reflection  coefficient 

angle  between  the  incident  wave  and  the  normal  to  a properly  tilted  (to  produce 
reflection  into  receiver)  surface  facet 

angle  between  the  theta  component  of  the  incident  wave  and  the  incident  “pdfidled" 
unit  vector  (i.e.,  vertical  polarization  with  respect  to  tilted  surface) 
transmitter  and  receiver  complex  antenna  polarization  vector  coefficients  as 
described  below. 


Polarization  vectors  for  the  transmit  (Pj)  and  receive  (Pr)  antenna  system  are  given  by: 


- A 

P-j-  ~ A i-j-j-  + B ipj- , 


(5-34) 
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- A A 

*’r  = ^ 'TR  ^ ^ 'PR 


(5-35) 


whiTo: 

A A 

‘I  I • 'PT  “ '''-‘‘■'•ors  in  the  theta  and  phi  directions,  respectively,  with  respect  to  coordinates 

centered  on  transmitter 

'TR'  'PR  “ '■^“‘••ors  in  the  theta  and  phi  directions,  respectively,  with  respect  to  coordinates 

centered  on  receiver. 

In  our  case  transmissions  originate  from  the  KC-135  and  are  received  at  the  ATS-6  satellite, 
rite  s;itellite  antenna  is  assumed  to  be  right-hand  circular  (RHC)  with  0-dB  ellipticity;  thus: 


C = V^/2 

D=j^G^2.  f5-36) 

where  Ci^  is  the  gain  magnitude  of  satellite  antenna. 

Parameters  A and  B for  the  aircraft  antenna  pattern  are  derived  from  scale-model  antenna  range 
measurements.  I he  antenna-effects-removal  algorithm  is  applied  to  the  specific  case  where  the  prober 
is  operating  in  the  simultaneous  horizontal/vertical  polarization  mode.  Tliese  probe  polarization 
descriptions  are  nominal  because  for  aircraft  antenna  systems  one  usually  expects  the  presence  of 
cross-polarization  terms.  Thus  for  the  nominal  horizontal  polarization  probe,  B represents  the  principal 
polarization  term  arid  A is  a measure  of  the  cross-polarization  term  (vice  versa  for  nominal  vertical 
polarization),  f-roin  the  antenna  range  radiation  distribution  plots  it  is  observed  that,  for  the  various 
prober  antenna  pointing  directions,  the  ratio  of  principal-to-cross  polarization  terms  is  typically  on  the 
order  of  20  dB  over  the  effective  “glistening”  area  of  the  surface.  Hence,  to  good  approximation  we 
consider  only  the  principal  terms  of  the  polarization  vectors  and  write  T^,|-  for  the  horizontally  polar- 
ized probe  as 


|(a)  sin  5j  (cos  6^,  •(•  j sin  Sj.) 


-Rj^(a)  cos  6j  (sin  - j eos  6^,)  j 
and,  for  the  vertical  polarized  probe: 


(5-37) 


r 

T^^^C  = — ^ — R||(a)  cos  5j  (cos  + j sin  fij.) 

+ R|(a)  sin  fij  (sin  6^  - j cos  6^)  1 , 


(5-3X) 


lUTC 

(Ijl  = ,Bain  ot  liori/ontally  polarized  probi' 

CiY'  = iiain  ol  vertically  polarized  probe  . 

Parameters  C'i|j  and  (iy  do  not  have  constant  pain  over  the  scatteriny  surtace.  Fo  lemove  this 
spatiat  t'ilterinp  etTeet.  we  operate  in  the  delay-Doppler  coordinate  system  ot  the  receiver  F he  scatter 
function.  Sir. col,  is  related  to  dPp^,yj  throuph  the  followinp  fonmilation  (ref  5-1  I 

S(r.u>)  = J|(7-,cj)  dPf^.yj  I + '^**’rcvd.2  , (5-.W) 

where  J(r.co)  is  the  Jacobian  of  the  transformation  from  surface  coordinates  to  (r  col  receiver  coordinates. 

In  the  above  et]uation.  subscripts  I and  2 denote  t!ie  fact  that  the  scatteriny  operation  is  a 2- 
into-l  mapping  processtthat  is.  two  surface  points  are  mapped  into  one  delay-Doppler  locationi  In 
general,  even  for  isotropic  antennas.  dP^^^^j  I does  not  ecpial  dP^^.^.j^j  s-  making  some 

assumptions  with  regard  to  the  distribution,  it  becomes  impossible  to  properly  adjust  SIt.ojI  for 
the  antenna  filtering  effects.  To  circumvent  this  ambiguity,  we  restrict  our  attention  entirely  to  the 
data  gathered  during  the  in-plane  legs  of  the  test  scenario.  F he  symmetry  properties  of  the  delay 
contours.  Doppler  contours,  and  ilPr^yj  function'*^  are  thereby  exploited  and  we  may  write  S(r. colas 


S(T.ai)  = j |(r,col  dP|.|^y^l  I (G|  + Gsl  . (^-40l 

where; 

‘^f’rcvd  I ~ '■'^rcvd  energy  from  incremental  areas  I or  2.  given  that  the 

antenna  illumination  is  isotropic. 


■9>'  

'^^hxamnation  of  the  first  ei| nation  (5-321  m this  section  reveals  that  for  in-plane  flight,  dP^^^^.^I  will 
be  cross-plane  symmetrical  (apart  from  antenna  asymmetry  affectsi  if  ( 1 1 the  sea-surface  slope 
distribution  is  isotropic,  a valid  assumption  per  data  from  Cox  and  Vlunk  (ref  5-1  2).  and  ( 21  the 
polarization  planes  of  the  transmit  and  receive  antennas  are  linear  and  lie  either  in  or  perpendicular 
to  the  plane  containing  the  K(  -135.  specul.ir  point,  and  ,\TS-(i  satellite.  1 he  latter  restriction  is 
necessary  to  assure  that  I | = F'^|  s.  In  our  case  this  condition  is  not  met  since  the  satellite 
antenna  polarization  is  circular.  However,  it  can  be  shown  that  for  grazing  angles  greater  than  a 
few  degrees,  the  induced  error  is  relatively  small  when  compared  with  other  factors  such  as  the 
antenna  gain  characterization. 
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Now  iiiuior  till'  S.1IIK’  eooMiotry  anil  sutlai-i’  assumption  wi-  may  express  StT.u;)  lor  the  isotropii 
antenna  earn  ease  as 


SjlT.Cj)  = J I I T.CJ)  llPj.^.^.j  I t J O T.tel  llP|.|^,^,j  s 

= ;j;lr.oa|ilP;,,j  (5-41) 

Thus  tor  m-plane  Hieht  the  scatter  function.  S|It.co).  corresponding  to  an  ideal  isotropic  antenna  is 
related  to  the  version  ol  St t, col  correspondin.e  to  the  experimental  nonisotropic  antenna  by  the  simple 
expression 


S((  r.tj) 


Str.co) 

GIt.oj) 


(5-42) 


where  Ti  r.tc ) is  ei|ual  to  (G | +Gs)/2. 

In  the  steepest  descent  integration  analysis  of  forw'ard  scatter  multipath  (mathematically 
appropriate  under  the  constraint  that  the  grazing  angle  is  much  greater  than  the  surface  rms  slope), 
one  usually  assumes  that  the  antenna  coverage  is  adequately  described  by  its  specular-point  gain  For 
this  reason  we  have  chosen  to  relate  our  antenna-corrected  version  of  the  scatter  function  to  the  gam 
directed  toward  the  specular  point:  i.e.. 


' S^(^-(T.U>)  = S|(T.W)  G(O.O) 

' = 5^^^C.(0.0)  , <5-45) 

G(t.w) 

where 

S,^((t.ujI  = scatter  function  corrected  for  isotropicity  imperfections  of  the  forward  multipath 

, antenna,  with  gain  referenced  to  Ci(O.O) 

G(O.O)  = specular-point  antenna  gam  ( i.e..  t = ixI  = 0). 

In  addition  we  also  calculate  a difference  function.  AS(t.co),  between  the  corrected  and 
-1  uncorrected  versions  ol  the  scattering  luiiction.  i.e., 

AS(t.ui)  = S(T,ui)  - S^j-tT.tu).  (5-44) 

r 

This  function  is  available  as  a three-dimensional  plot  and  provides  a compact  description  of  the  prober’s 
spatial  filtering  characteristics  as  l.anslated  to  the  delay-Doppler  erwrdinates  of  the  receiver. 


I 
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5.(1. 2 Spatial  Filtering  tfTects  on  F.xperimental  Data 

Design  goals  for  the  front  multipath  prober  antenna  were  established  to  provide  a nearly 
uniform  illumination  over  the  surface  area  responsible  for  most  of  the  returned  multipath  energy. 

Only  if  this  goal  is  adequately  met  will  S(t,cj)  be  a satisfactory  approximation  to  the  channel's  relative 
delay-Doppler  energy  distribution.  The  antenna  was  designed  to  achieve  1 xlB  beamwidths  of  20°  in  j/ 

a/iini’th  and  .“'O"  in  elevation,*  * while  meeting  other  design  requirements  pertaining  to  beam  steerability, 
polan/ation  nodes,  gain.  etc.  Scale-model  antenna  range  data  indicated  that  these  beamwidths  were 
closely  approximated  by  the  antenna  as  installed  on  the  aircraft.'- 


5 (\  2 I l\jtcci  o1  .\iuenna  Spatial  Filtering  on  R.MS  Scatter  Coel'icienfi  The  rms  scatter  coefficients 
previously  reported  in  section  5.2.6  (fig.  5-17)  utilized  the  uncorrected  version  of  Sit.uj).  The  gain  of 
the  multipath  antenna  was  taken  to  he  the  gain  toward  the  specular  point.  0(0.0)  This  factor  was 
embodied  in  the  factor  of  the  0?[y'G]  term  of  equation  (5-2).  To  assess  the  magnitude  of  error 

introduced  in  the  calculated  rms  scatter  coelTicients.  a quantity  AF  was  determined  for  a range  of 
era/inn  angles,  f'lie  quantity  AF  is  defined  as: 


AE  = 1 0 log 


drdcj 

drdco 


I e value  ol  Al  can  be  either  positive  or  negative  because  the  peak  of  the  multipath  antenna  beam  was 
I by  intention)  usually  not  pointed  exactly  toward  the  specular  point  in  elevation.  Hence,  the  specular- 
poiiit  gam  ( >10,0).  does  not  necessarily  equal  the  peak  gain  of  the  antenna.  Typically.  AE  was  found 
lo  bi'  ipproximately  e(|ual  to  -0.2  dB  for  the  higher  elevation  angles  and  +0.5  dB  at  the  lower  elevation 
angles  1 rom  equations  (5  I ) and  (5-43)  it  can  be  readily  seen  that  AE  corresponds  directly  to  the 
error  m the  rms  scatter  coefficient  magnitude,  IFI.  of  figure  5-1  7.  Error  magnitudes  are  therefore 
estimated  as  typically  less  than  0,3  dB  at  the  grazing  angle  extremes  (5°  and  30°). 


* * I his  antenna  beam  width  design  goal  was  originally  based,  in  part,  on  DeRosa's  ( ref  5-5.  table  2-1 . 
and  ref  5-1  3)  estimates  of  multipath  power  loss.  Extrapolating  from  these  calculations,  the  multi- 
path  power  loss  for  the  stated  beamwidths  relative  to  a uniform  gain  antenna  was  predicted  to  be 
substantially  less  than  1 .0  dB  for  the  range  of  grazing  angles  (and  sea  states)  of  interest 

1 

-.Antenna  design  details  are  described  in  “U..S.  .Aeronautical  l.-band  .Satellite  7 eclinology  Test 
Program  Terminal  Design."  material  submitted  under  contract  DOT-TS('-70"’.  August  I ^"'5 
Scale-model  antenna  range  radiation  distribution  plots  have  been  submitted  in  the  form  of  punched 
paper  tapes. 
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/7/cc  I nf  I iilcniui  S/mrUil  lullcrm^  on  Spread  1 dines  At  tlic  hifther  stra/iiif!  angl(.-s,  spread 
valiK’s  calculated  usini;  the  uncorrected  Str.cjt  lunction  typically  dillered  by  less  than  8'^  Irom  those 
calculated  usiiiji  One  may  therefore  consider  Str.ui)  to  be  a reasonable  approximation  to 

the  channel’s  relative  delay-Doppler  energy  distribution  at  the  hitther  elevation  anules.  At  the  lower 
itra/mi:  ani’les,  the  effect  of  the  multipath  antenna  nonisotropicity  on  certain  spread  values  is  more 
pronounced;  e.j:..  for  a >:ra/int:  aiiftle  of  7°,  the  lO-dB  Doppler  spread  usintj  StT.cjl  is  rouphly  307r  in 
error,  as  compared  with  the  value  calculated  when  using  S^ctr.co). 

In  the  following  discussion  the  prober  antenna’s  spatial  filtering  effects  for  a typical  high-angle 
Ibebruary  27.  19751  and  low-angle  (April  2.  1975)  set  of  experimental  results  are  illustrated.  For  both 
cases,  the  antenna  was  operating  in  its  horizontal  polarization  mode. 

Prior  to  presenting  the  detailed  results,  we  summarize  the  spatial  filtering  effects  in  table  5-12. 
which  represents  the  antenna  innuence  upon  the  spread  measures  of  the  delay  spectra.  Doppler  spectra, 
coherence  bandwidth,  ami  ilecorrelation  time.  Spread  measure  definitions  identical  to  those  used  in 
section  5.3  are  used,  ami  attention  is  directed  to  the  last  column  of  table  5-'  2.  where  the  relative 
difference  between  antenna-corrected  and  noncorrected  re.siilts  are  delineated.  As  indicated,  antenna 
inlluence  upon  the  high-angle  data  is  rather  modest,  with  a maximum  perturbation  of  about  87  being 
calculated.  For  the  low-anele  ilata  we  also  observe  fairly  small  error  perturbations  (typically  less  than 
\(y"r ) except  for  the  lO-dB  Doppler  spread  and  decorrelation  time,  which  are  on  the  order  of  30'’!.  It 
IS  of  interest  to  note  that  contrary  to  what  one  might  expect,  the  lO-dB  spread  values  for  the  delay  and 
Doppler  parameters  are  actually  inereased  by  the  antenna  pattern  spatial  filtering  effects.  This  results 
from  the  fact  that  the  multipath  probing  antenna  was  always  pointed  so  that  its  beam  peak  location 
occurred  on  the  subainralt  side  of  the  specular  point  (i.e..  for  the  7°  grazing  angle  test,  the  beam  peak 
was  directed  at  a -25"  elevation  angle).  This  provides  optimum  glistening  region  coverage  and  introduces 
a positive  bias  in  the  midlail  region  of  the  Doppler  and  delay  distribution.  These  effects  are  visually 
evident  m the  detailed  data  presentation  that  tollows.  One  other  interesting  observation  relates  to  the 
dependence  between  the  10-dB  Doppler  spread  and  the  3-tlB  decorrelation  time,  and  similarh  between 
the  10-dB  delay  spread  and  the  coherence  bandwidth.  That  is.  we  note  that  the  respective  error  per- 
centages are  roughly  ei|u.il  m magnitude  and  opposite  in  sign  (an  expected  result  based  on  Fourier 
transform  ihar.icterisiics) 

Detailed  results  pertaining  to  the  high-angle  antenna  spatial  filtering  characteristics  are  provided 
in  ligures  5-5  i through  5-5(i.  The  data  in  these  figures  pertain  to: 

Front  multipath  antenna  pattern:  figure  5-51 
(l||(r.u;):  figure  5-52 
Str.cj)  and  .S^(  (r,w):  figure  5-53 
A.S(t.cj):  figure  5-54 

(’orrected  and  uncorrected  delay  and  Doppler  spectra:  figure  5-55 
Corrected  and  uncorrected  autocorrelation  functions:  figure  5-56. 


5-109 


Figure  5-53.  High-Angle  Antenna  Gain  Effects  Upon  the  Delay-Doppler  Scatter  Function 
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Igure  5*55.  High-Angle  Antenna  Gain  Effects  Upon  Delay  and  Doppler  Spectra 


TABLE  5-12.  INFLUENCE  OF  ANTENNA  SPATIAL  FILTERING 
ON  SPREAD  PARAMETER  MEASURES 


Test  condition 

Spread  measure 

Antenna 

included 

Antenna 

corrected 

Error 

percentage^ 

Hiqh  qra/inq  anqie 

Delay  spread  (3  dB) 

0.60  /z  sec 

0.61  sec 

-2 

(February  27,  1975, 

Delay  spread  (lOdB) 

2.67  /i  sec 

2.5  psec 

7 

qrazing  angle  * 30  ) 

Coherence  BW  (3  dB) 

0.265  MHz 

0.286  MHz 

-7 

Doppler  spread  (3  dB) 

134  Hz 

135  Hz 

-1 

Doppler  spread  ( 1 0 dB) 
Decorrelation  time 

289  Hz 

268  Hz 

8 

(3dB) 

2-8  msec 

3.1  msec 

-7 

Low  grazing  angle 

Delay  spread  (3  dB) 

0.63  p sec 

0.56  p sec 

11 

(April  2,  1975,  ^ 

Delay  spread  (lOdB) 

2,28  sec 

2.22p  sec 

3 

grazing  angle  - 7 ) 

(Coherence  BW  (3  dB) 

0.259  MHz 

0.270  MHz 

-4 

1 

Doppler  spread  (3  dB) 

8.8  Hz 

8.1  Hz 

+9 

1 

Doppler  spread  (10  dB) 
Decorrelation  time 

55.1  Hz 

42.7  Hz 

29 

1 

(3dB) 

9.8  msec 

14  msec 

-30 

^The  error  percentage  is  the  quantity  100  (Mj/Mp)  - 100  where  M|  = measure  with  antenna 
influence  irKluded  and  Mp  = measure  with  antenna  influence  removed. 


( Ilf  antenna  pattern  plo.  .a  given  from  two  point.s  of  view,  thus  providing  a clear  indication  of 
the  salient  radiation  distribution  properties.  Namely,  one  observes  the  antenna’s  relatively  broad  beam- 
width  in  the  elevation  plane  as  opposed  to  its  narrow  azimuth  plane  beamwidth.  These  characteristics 
yield  a GpjtT.cj)  function  that  is  relatively  flat  over  most  of  the  effective  scatter  region  (i.e.,  the 
scatterers  located  along  the  0 = 0 axis  are  mapped  into  the  shoulders  of  the  G(t,oj)  distribution).  In 
comparing  the  S(t,w)  and  one  does  not  observe  any  pronounced  visual  dissimilarity;  this 

observation  is  confirmed  by  the  ASfr.to)  plot,  which  for  comparison  has  the  same  x.y.z  scale  factors 
as  the  Sfr.cu)  plots.  In  accord  with  previous  statements  concerning  the  prober  antenna  pointing  angle, 
we  note  that  ASfr,oj)  is  positive  in  the  negative  Doppler  realm  (i.e.,  subaircraft  direct  from  specular 
pD  point)  and  negative  in  the  positive  Doppler  realm  (i.e.,  subsatellite  side  of  specular  point).  The  effects 

of  the  small  AS(r,cj)  perturbation  on  the  channel's  delay  spectra,  Doppler  spectra,  and  autocorrelation 
functions  are  in  turn  seen  to  be  relatively  insignificant. 

The  spatial  filtering  effects  of  the  antenna  for  low-grazing-angle  conditions  are  given  in  figures 
5-51  through  .S-62.  These  data  sets  are  arranged  in  a format  identical  to  that  used  for  the  high-angic 
case.  Again,  two  points  of  view  are  illustrated  to  display  the  Gj^It.u))  distribution  as  given  in  figure  5-57, 
I ike  its  high-angle  counterpart,  this  function  is  seen  to  possess  a high  degree  of  symmetry  in  the  0 
coordinate.  However,  note  that,  on  a relative  basis,  the  low-angle  pattern  has  a somewhat  larger  variation 
in  the  gain  distribution  as  measured  over  elevation  angles  subtending  +20°  from  boresight  (along  the 
0 = 0 axis).  This  variation,  coupled  with  the  7°  specular-point  grazing  angle  geometry,  produces  a 


5-1  16 


Figure  5-59.  Low- Angle  Antenna  Gain  Effects  Upon  the  Delay -Doppler  Scatter  Function 
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Figure  5-60.  Low- Angle  AS(t,(jj)  Perturbations 
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Figure  5-61.  Low-Angle  Antenna  Gain  Effects  Upon  Delay  and  Doppler  Spectra 


Figure  5-62.  Low-Angle  Antenna  Gain  Effects  Upon  Frequency  and  Time  Autocorrelation  Functions 


F 
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Cij|(r,CL:(  liinction  ;is  illiistr;itcd  In  fisiiiro  5-58.  I'ln.’  most  obvious  charactcristii;  ol  the  (ijjtT.u)) 
distribution  pertains  to  the  relative  dilTerence  between  the  negative-IYeituency  gains  as  compared  to 
the  posit ive-t're(tuency  values  tor  a given  delay  tap.  This  dilTerence  is  a direct  result  of  the  antenna 
boresight  gain  being  pointed  toward  the  subaircral't  side  of  the  specular  point,  and  it  produces  a dis- 
cernible dillerence  in  the  Str.co)  and  Syi^('(T.cj)  distributions  presented  in  figure  5-5^).  We  further 
note  from  the  ASir.cu)  plot  of  figure  5-bO  that,  relative  to  the  specular-point  return,  the  antenna 
pattern’s  spatial  distribution  enhances  the  negative  shoulder  of  the  scatter  function  whereas  the 
positive  shoulder  is  attenuated.  F'or  tlie  in-plane  llight  geometry  coupled  with  low-grazing-angle 
conditions,  this  will  appreciably  affect  the  Doppler  spectra  shape  and  its  corresponding  F'ourier  trans- 
form. as  illustrated  m figures  5-bl  and  5-(i2.  respectively.  The  reason  for  this  pronounced  filtering 
effect  on  the  Doppler  spectra  relates  to  the  fact  that  the  position  Doppler  frequency  shoulder  of  the 
S(T.co)  function  is  to  a large  extent  mapped  into  a single  peak  density  point  of  the  Doppler  spectra, 
whereas  the  negative  shoulder  is  dispersed  in  the  Doppler  coordinate  (i.e..  the  antenna  filtering  tends 
to  decrease  the  peakedness  of  the  spectra  while  at  the  same  time  increasing  the  density  of  the  distri- 
bution's tail).  This  tends  to  yield  Doppler  spreads  somewhat  larger  than  we  would  observe  had  the 
prober  antenna  been  perfectly  uniform. 


5.7  ( IRrn  .VR  POI  .ARIZATION  PROBFiR  RESULTS 

In  the  design  of  operational  aeronautical  satellite  systems,  effects  of  the  oceanic  multipath 
interface  on  circularly  polarized  waves  are  of  particular  importance.  Accordingly,  several  right-  and 
left-hand  circular  polarization  probes  of  the  oceanic  surface  were  conducted  during  the  latter  part  of 
the  tlight  test  series.  F rom  the  standpoint  of  the  physical  optics  vector  scatter  formulation,  one  does 
not  need  to  perform  model  alterations  to  include  the  effects  of  any  given  receive  or  transmit  polar- 
ization vector  In  gener.il.  model  predictions  for  the  LFFC  and  RFFC  prober  configurations  yield 
spectral  distributions  and  autocorrelation  functions  very  similar  to  the  corresponiling  parameters 
associated  with  tlie  linear  polarization  emulations.  Similarly,  the  predicted  values  of  the  circular  and 
linear  pol.irizatiun  spread  parameters  are  in  close  accord.  As  expected,  the  one  area  in  which  the  F.IFC 
and  RFK  polarization  inllueiice  is  of  significance  relates  to  the  total  rms  scattered  energy  content  of 
the  signal  Since  the  satellite  antenna  has  RFFC  polarization,  the  polarization  sense-reversal  properties 
of  the  surtace  cause  the  scattered  energy  corresponding  to  probes  transmitted  with  F.FIC  polarization 
to  be  received  with  less  loss  than  the  scattered  energy  for  probes  transmitted  with  RFFC  polarization. 

F his  eltect  is  due  to  the  pol.iriz.ition  dependence  of  the  phase  change  at  the  reflecting  surface.  The 
observed  phenomenon  is  predicted  for  all  grazing  angles  greater  than  the  pseudo-Flrew  ^ter  angle  and 
should  become  more  signilicant  as  the  grazing  angle  decreases. 

Typical  StT.u!)  and  associated  integral  and  Eourier  transform  data  sets  are  given  in  figures  5-bd 
and  5-f)4  for  probes  conducted  with  F.IIC  and  RlIC  polarization,  respectively.  These  data  were  gathered 
for  the  in-plane  Might  direction  condition  at  a grazing  angle  of  approximately  20°  and  may  be  compared 
with  figure  5-2  ol  section  5.1  to  obtain  a visual  estimate  of  the  degree  of  correlation  between  respective 
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Figure  5-63.  LHC  Polarization  Channel  Parameters  — 20°  Grazing  Angle,  In-Plane  Geometry 


Figure  5-64.  RHC  Polarization  Channel  Parameters  — 21°  Grazing  Angle,  In-Plane  Geometry 


parameters  lor  the  circular  anil  linear  polarization  cases.  A summary  of  spread  parameter  measures  and 
total  rms  signal  energy  content  obtained  for  a number  of  circular  polarization  probes  is  given  in  table 
5-1  -V  With  the  exception  of  the  scatter  coefficients,  these  data  are  in  accord  with  the  linear  polarization 
spread  results  given  in  section  5.3.  The  measured  scatter  coefficients  may  be  compared  with  model- 
predicted  results  that  appear  within  the  parentheses  on  table  5-13.  In  general,  the  experimental  and 
theoretical  coefficients  are  relatively  close.  However,  the  RHC  coefficients  are  typically  somewhat 
less  than  the  predicted  values  whereas  the  opposite  applies  for  the  LHC  results.  This  observation  could 
suggest  that  the  ATS-6  antenna’s  polarization  may  not  be  perfectly  circular. 


TABLES- 13.  CIRCULAR  POLARIZA TION SPREAD  AND  REFLECTION 
COEFFICIENT  MEASURES 


1 

A/C 

Delay  spread 

Coherence 

Doppler  spread 

Decorr 

Scatter 

Date, 

mo-day-yr 

Polari- 

nation 

Elev, 

deg 

heading, 

deg 

3dB, 

fisec 

lOdB, 

Msec 

BW.  3 dB, 
kHz 

3dB, 

Hz 

lOdB, 

Hz 

time,  3 dB, 
msec 

coeff,^ 

dB 

2 27  75 

LHC 

32 

0 

0.93 

2.74 

234 

185 

383 

2.6 

-3.71 

1-2.2) 

2-27  75 

RHC 

32 

90 

0.88 

3.26 

207 

178 

440 

1.8 

-14.6 

(-16.8) 

43-75 

LHC 

21 

90 

0.58 

2.69 

203 

143 

313 

2.5 

-3.3 

(3.0) 

4-3-75 

RHC 

21 

90 

0.72 

2.60 

203 

113 

257 

2.6 

-13.1 

(-13.2) 

4-3  75 

LHC 

19 

0 

0.77 

3.02 

234 

131 

222 

3.9 

-7.7 

(-3.2) 

4-3  75 

RHC 

19 

0 

0.54 

2.15 

351 

119 

174 

5.2 

-11.3 

(-12.7) 

3-31  75 

LHC 

15 

90 

0.76 

3.37 

168 

113 

260 

3.1 

^.2 

(^.1) 

3-31  75 

RHC 

15 

90 

0.57 

2.57 

196 

92 

211 

3.7 

12.4 

(-11.6) 

3 31  75 

LHC 

14 

0 

0.65 

2.82 

210 

43 

148 

4.4 

8.5 

(-4.5) 

3^31  75 

RHC 

14 

L- 

b 



0.59 

2.30 

237 

37 

111 

6.7 

11.5 

(-11.6) 

*Qu«ntitv  in  parenthesis  is  value  predicted  by  the  physical  optics  vector  model.  Model  predictions  shown  are  for  a 
sea  slope  of  9°. 


5.8  (XT-ANIC  MULTIPATH  TEST  CONCLUSIONS 

A summary  of  results  and  conclusions  for  the  oceanic  multipath  channel  characterization  test 
is  given  in  section  2. 1 . 
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6 PHYSIC  AL  OPTICS  SC  ATTER  MODEL  PREDICTIONS 


One  ol  the  nuijor  ohjcctives  oi  mis  oxpcrimonl  w;is  to  substantiate  a scatter  model  that  will 
accurately  predict  multipath  channel  characteristics  pertinent  to  future  operational  oceanic  aero- 
. nautical  satellite  systems.  Eor  this  report,  experimental  results  were  correlated  with  theoretical  pre- 

dictions based  on  a surface  integration  of  the  classical  physical  optics  vector  formulation  scatter 
model.  Comments  on  comparisons  between  model  prediction  and  experimental  results  were  made  in 
section  5.  where  experimental  test  results  were  presented.  In  this  section,  we  deal  primarily  with  a 
presentation  of  the  model  results.  A brief  description  of  the  model  and  its  computer  implementation 
are  given  in  section  b.  I . Sections  6.2  through  6.4  contain  the  channel  parameter  predictions  provided 
by  the  model  for  a variety  of  system  configurations  and  assumed  surface  characteristics.  Test  para- 
meters input  to  the  model  were  selected  to  closely  emulate  the  experimental  conditions  and  correspond 
to  the  range  of  values  shown  in  table  6-1 . 

TABLES  r.  INPUT  TEST  PARAMETERS  FOR  PHYSICAL  OPTICS 
SCATTER  MODEL  PREDICTIONS 

Aircraft  altitude 10  km 

Aircraft  speed 200  m/sec 

Aircraft  heading a)  Toward  satellite;  great  circle  path 

b)  Broadside  to  satellite;  great  circle  path 

- Aircraft  antenna  polarisation Horizontal,  vertical 

ATS-6  antenna  polarization Right-hand  circular 

Grazing  angles 3°,  7°.  13“  19°,  25°,  31° 

Surface  type Sea  water 

Surface  rms  slope  (totall 3 ,6  , 12 

Using  the  Cox  and  Munk  I ref  5-1  2)  empirical  relationship,  we  may  relate  the  actual  rms 
surface  slope  to  wind  velocity  (V'^i  42  ft  above  the  surface: 

fK  V = -O  OO-'i  , knots. 

" 0.00264 

Thus  3°  and  I 2°  actual  surface  rms  slopes  correspond  to  average  wind  velocities  of  near-zero  and  1 8 kn. 
respectively.  Hie  January  series,  which  was  conducted  in  the  vicinity  of  the  Azores,  coincided  with 
some  rather  severe  storms  in  that  area.  Since  a good  percentage  of  the  useful  oceanic  multipath  data 
Was  collected  during  this  series,  one  might  expect  the  data  presented  in  the  previous  sections  to  be  more 
correlated  with  the  12°  or  6°  slope  predictions  than  with  the  3°  slope  prediction. 

It  is  of  importance  to  note  that  for  L-band  forward  scatter,  the  multipath  interface  will  appear 
as  a smoothed  ( i.e.,  filtered  I version  of  the  actual  surface.  This  smoothing  effect  reduces  the  contri- 
bution to  the  surface  characteristics  of  the  small-scale  surface  structure  and  thereby  yields  an  “effective 
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rnis  sea  slope”  value  smaller  than  the  actual  rms  surface  slope.  As  shown  in  ref  (5-6),  the  physical 
optics  model  predicts  that  for  a given  wavelength,  the  extent  of  the  filtering  increases  as  the  grazing 
angle  decreases.  Thus  V^.  represents  a lower  bound  (especially  for  grazing  angles  less  than  roughly  I 5°) 
on  the  wind  velocities  required  to  produce  an  rms  slope  corresponding  to  the  “effective  rms  sea  slope” 
value. 

For  one  flight  test  (March  31 , 1975).  a sea-state  data  measurement  buoy  was  deployed  to 
gather  quantitative  data  on  the  surface’s  slope  probability  distribution.  Results  of  this  measurement 
are  found  in  section  6.5. 


6.1  MODEL  DESCRIPTION 

The  choice  of  an  appropriate  model  for  the  analysis  of  electromagnetic  surface  scatter  is 
determined  almost  exclusively  by  the  roughness  characteristics  of  the  reflecting  medium.  Surfaces 
are  usually  classified  as  slightly  rough,  very  rough,  or  composite,  depending  on  the  magnitude  o(  the 
height  irregularities  (ref  5-8).  In  general,  different  scatter  theories  are  used  in  each  of  these  situations 
(ref  6-1). 

For  the  case  of  L-band  aeronautical  satellite  oceanic  scatter,  the  surface  will  almost  always 
appear  to  be  very  rough;  this  implies  that  the  following  is  approximately  satisfied  (ref  6-2): 


I 


i 


where: 

X = electromagnetic  wavelength 

Oji  = standard  deviation  of  surface  height  irregularities 

0^  = incident  angle  of  ray  upon  the  surface  as  measured  from  the  normal. 


Analysis  of  scattering  from  very  rough  surfaces  is  usually  developed  through  the  physical 
optics  tangent-plane  method  (ref  6-1 ).  Commonly  called  the  Kirchhoff  approximation,  this  model  is 
based  on  the  assumption  of  a locally  plane  surface  over  the  distance  of  many  wavelengths.  This  con- 
straint is  considered  to  be  .satisfied  if  the  radius  of  curvature  of  the  surface  undulations  (Pj_.)  is  much 
greater  than  X;  i.e..  X « 4pj.cos0j.* 


* In  addition  to  this  inequality,  the  physical  optics  model  is  also  restricted  to  conditions  where  surface 
shadowing  and  multiple  reflections  are  negligible.  Thus,  predictions  for  rear-grazing  incidence  in  com- 
bination with  large  rms  surface  slopes  should  not  be  considered  to  be  strictly  valid.  An  example  of  such 
a condition  is  the  3°  grazing  angle  case  combined  with  the  I 2°  rms  slope  condition  of  table  (vl . 
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Kor  tills  analysis  we  employ  the  vector  formulation  (ref  6-3)  of  the  physical  optics  model  and 
thus  are  able  to  properly  account  for  the  electromagnetic  polarization  dependencies  of  each  particular 
scattering  lacet  on  the  surface.  Because  of  the  model’s  complexity,  it  is  not  possible  to  arrive  at 
adequate  channel  parameter  solutions  in  a closed  form.  This  is  circumvented  through  use  of  a com- 
puteri/eil  technique  that  subdivides  the  spherical  scatter  surface  into  incietncntally  small  areas  and 
then  determines  the  scatter  cross  section  (including  polarization  transformation  factors),  Doppler 
shitt.  and  time  delay  associated  with  each  area.  The  complex  vector  representation  of  the  scattered 
signal  is  coupled  to  the  receiver  antenna  characteristics,  thereby  providing  an  estimation  of  the 
received  power  Irom  the  particular  surface  patch.  This  allows  the  channel’s  delay-Doppler  scatter 
lunction.  S(t.co).  to  be  constructed.”  From  S(t,cj),  steps  identical  to  those  described  in  section  4 
are  employed  to  determine  the  channel’s  time-frequency  autocorrelation  function,  delay  spectrum, 
Doppler  spectrum,  time  autocorrelation  function,  frequency  autocorrelation  function,  total  energy 
content,  and  spread  values  of  the  unidimensional  distributions. 

A block  diagram  illustrating  the  computer  model’s  input/output  and  basic  processing  functions 
is  given  m figure  6-1 . Inputs  to  the  program  include: 

I 

a.  System  geometry  parameters  (aircraft  altitude,  speed,  velocity  vector  direction,  grazing 
angle  at  specular  point,  and  transmitted  frequency) 

b.  Complex  polarization  vectors  of  airplane  and  satellite  antenna  (satellite’s  polarization 
characteristics  are  assumed  to  he  isotropic  over  the  scatter  surface;  aircraft  antenna  rad- 
iation distribution  characteristics  may  be  accounted  for  mathematically  or  by  including  an 
azimuthal-elevation  angle  look-up  table  to  derive  complex  horizontal  and  vertical  polar- 
ization coefficients) 

c.  RMS  surface  slope  and  electrical  parameters 

d.  Surface  area  resolution  parameter  (determines  the  size  of  the  incremental  surface  area  used 
in  the  surface  integration  routine  and  thus  ultimately  affects  the  fidelity  of  the  predictions). 

r 


-(’losed-form  evaluations  of  Str.ui)  have  been  constructed  by  Mallinkcrodt  (ref  5-^))  and  Bello  (ref  5-1 ). 
I'. valuations  ot  St  r.ui)  using  surface  integration  techniques  have  been  performed  by  DeRosa  t ref  6-4 
and  5-4)  and  Schneider  (ref  5-3).  Mallinkcrodt.  Bello,  and  the  earlier  of  the  two  DeRosa  works 
cited  used  a scalar  formulation,  while  the  later  DeRosa  work  and  Schneider  used  a vector  scatter 
formulation. 
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Figure  6-1.  Scatter  Model  Block  Diagram 
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The  hjsie  proeessinj:  lunetion  of  the  eomputer  eoile  may  he  broken  down  into  three  catetjories. 


a.  Tor  each  incremental  surface  area  (dSl  considered  in  the  integration,  calculate  the  received 
scattered  power  (dP).  the  time  delay  (r),  and  Doppler  shift  (to)  associated  with  the  return. 

h.  Sort  the  power  returned  from  each  incremental  area  into  a two-dimensional  array  (t,u)) 
to  yield  an  estimate  of  the  channel’s  scatter  function  S(T.aj). 

c.  Perform  Fourier  and  integral  operations  on  S(t,co).  to  derive  the  channel’s  time-frequency 
autocorrelation  function,  time  autocorrelation  function,  frequency  autocorrelation  function, 
Doppler  spectrum,  delay  spectrum,  total  rms  scattered  energy,  and  spread  values  of  the 
unidimensional  parameters. 

Category  c utilizes  algorithmic  operations  identical  to  those  described  in  section  4,  The  second 
category  (b)  is  a relatively  straightforward  two-dimensional  bin-sorting  algorithm  and  needs  no  further 
explanation. 

Category  a represents  the  surface  scatter  boundary  interface  component  of  the  model  and,  to 
a large  extent,  is  based  on  the  work  of  Peake  (ref.  6-5).  Drawing  from  this  source  we  brielly  present 
with  the  aid  of  figure  6-2,  the  underlying  mathematics  associated  with  the  derivation  of  dP,  r,  and  u). 

For  ease  of  interpretation,  parameter  ilP  is  calculated  relative  to  the  power  received  over  the  direct 
path  link  whereas  tc  and  t are  evaluated  relative  to  the  direct  path  Doppler  and  the  specular-point 
delay  values,  respectively.  The  normalized  received  power  from  incremental  area  dS  is  thus  expressed  as: 


dP 


4trri  “ rs“  iCp  ■ 


(6-1) 


where: 


^cf 


‘'XS 

cIS 

(>s 


= distances  as  illustrated  in  figure  6-2. 

= complex  coefficient  that  accounts  for  coupling  between  incident  polarization  vector, 
tilted  dielectric  surface  element,  and  receiver  polarization  vector 
= surface  scatter  cross  section 
= elemental  surface  area 

= airplane  complex  polarization  vector  for  direct-link  path 
= stitellite  complex  polarization  vector. 
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The  complex  transmission  eoellicient  embodies  the  aircraft  antenna  spatial  filterinp  and  is 
calculated  as; 


T^,|-  - (Dl)  |^R||(a)  (A  cos  Aj  + B sin  6j)  (C  cos  6^.  + D sin  6^) 

-Rj^(a)  (B  cos  6j  - A sin  6j)  (C  sin  6^-0  cos  5^)^,  (6-2) 

spherical-earth  divergence  factor 

parallel  Fresnel  retlection  coefficient  = (e“cosa  - E)/(e“cosa  + L) 
perpendicular  Fresnel  reflection  coefficient  = (cos  a - E)/(cosa  + E) 
complex  index  of  refraction  of  the  surface 
(f-  - sin“  a)  ^ 

angle  between  incident  wave  and  normal  of  properly  tilted  (to  produce  reflection 
into  receiver)  surface  facet 

angle  between  "theta”  component  of  incident  wave  and  the  incident  “parallel”  unit 
vector  (i.e.,  vertical  polarization  with  respect  to  tilted  surface) 
angle  between  “theta”  component  of  scattered  wave  and  the  reflected  “parallel” 
unit  vector 

transmitter  and  receiver  complex  antenna  polarization  vector  coefficients  as 
described  below. 

Polarization  vectors  lor  the  transmit  (P-j  ) and  receive  (Pj^)  antenna  system  are  given  by; 

- A A 

Py  ==  A L-j-'j'  + B Lpy 
Pr  = C Ljr  + D LpR 

where; 

A A 

I XT'  * P'1  ” vectors  in  the  theta  and  phi  directions,  respectively,  with  respect  to  coordinates 

. , centered  on  transmitter 

A A 

I •[  R,I.pR  = unit  vectors  in  the  theta  and  phi  directions,  respectively,  with  respect  to  coordinates 
centered  on  receiver. 

The  physical  optics  very-rough-surface  scatter  cross  section  is  obtained  from; 


(6-3) 

(6-4) 


where; 

1)1 

R||(a)  = 

Rj^(a)  = 

f = 

E 

a = 


A.B.(  .1)  = 


( 6-5 ) 
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where 


= anjjles  as  illustrated  in  figure  6-2 

Pss  ~ surface  slope  probability  density  function;  i.e..  the  probability  that  the  surface 

normal  lies  within  the  solid  angle  dfip  = sin  O,,dt)j^d0|,  is  given  by  the  quantity 

f\s''^n-'*’n'‘J^n- 

F'or  this  particular  analysis,  the  slope  pdf  was  assumed  to  be  isotropic  with  the  following  Ciaussian-like 
form ; 

-tan“  0„ 

V.  A ’ 

Tj“(  1 + 2rj-| 

where  t)“  = <tan-0p>  = mean  square  surface  slope. 


cos  0 „ 

Pss<»n-<^n^  = ^ ‘-’’‘P 

irrr 


According  to  Peake  (ref  6-5).  this  representation  is  quite  similar  to  the  standard  Cox  and  Munk 
(ref  5-12)  distribution  and,  for  surfaces  of  moderate  slope,  very  nearly  satisfies  the  normalization 
conditions: 


ff  Pss<®n  '^n>‘'“n  = ' 
ff  Pss<en-^'‘""‘®n‘l“n  = 


(6-7) 


It  is  further  noted  that  for  the  slope  conditions  considered  in  this  report,  the  P^s^^n  '^n) 

distribution  closely  resembles  a Gaussian  density  for  a two-dimensional  Isotropic  surface.  That  is.  for 
T)~  « I the  exponential  factor  of  the  slope  distribution  decays  rapidly  and  is  significant  only  for  small 
Op;  hence  cos  0^^  is  well  approximated  by  unity.  Furthermore,  in  the  denominator  of  (he  exponent,  the 


factor  ( 1 + 2t;-) 


’ and  thus 


Pss''^n-'^n>  =*■  -^■‘'‘’‘P 
nrr 

The  above  relationship,  under  the  constraint  that  cos  Op  = I . exactly  satisfies  the  pdf  normal- 
ization condition  and  is  identical  in  form  to  that  of  equation  (3.25)  of  reference  5-6.  which  was 
derived  for  an  isotropic  interface  whose  joint  second-order  surface  height  and  correlation  properties  are 
Gaussian,  i.e.. 


-tan“  0, 


L V- 


(6-8) 


where; 

p(tan^,  0p) 


p(tan  0.  0pl 


1 


rr  tan"  0^ 


exp 


tan"  0 
tan" 


(6-6) 


= the  polar  coordinate  equivalent  of  the  slope  distribution  described  in  section 
b.5.3.  page  6-75  (i.e..  ^2  = „2 


^For  the  1 2°,  6°,  and  3“  rms  slopes,  the  approximation  ( I + 2r)")  ^ I decreases  the  denominator  of 
the  exponent  by  approximately  6'7r , 2T.  and  less  than  \%,  respectively. 
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^ = angle  made  by  the  bisector  ol'  the  incident  and  scattered  rays  with  the  local  normal 

to  the  mean  surface  (i.e.,  P describes  the  recjuisite  geometry  for  favorable  scatter) 
tan“(3j,  = total  mean  square  surface  slope  = rj- 
tan-|3  = t^- + ty- = tan- 

t t = slopes  of  the  surface  normal  in  the  x and  y directions,  respectively. 

X-  y 


The  joint  probability  densities  p(  t^-ty ).  p(  tan^.^n)  and  Pss<^n’*^’n>  through  the  expressions 

Pss((?n  ’^n>  ^^^n  = p(t^.ty)  dt^dty  = pjtan  tanj?  dtan^  d0„. 

It  can  readily  be  shown  that  tan|3  is  Rayleigh  distributed.  Using  equation  (6-7)  in  the  form 


y Pss*®n-'^n)  ‘l^n  = yy*p(tan/3.0n)  tan/3dtan|3d0„  ^ 


and  substituting  for  pdan^.p^)  from  equation  (6-9),  one  obtains  (after  performing  the  integration  over  the 


variable). 


f2Bl}L  exp  dtan(3=l. 

J tan-(3o  [_  tan-^pj 


The  integrand  in  this  expression  is  the  marginal  pdf  lor  tanj)  and  is  readily  recognizable  as  the  Rayleigh 
pdf,  with  variable  tan|3  and  parameter  tan-(3p. 

The  correspondence  between  Pss^®n'*^n^  p(tan  may  be  obtained  through  the 

following  relationships  for  an  isotropic  surface  (see  Hagtors.  ref  6-6); 


Pss^^n  '^n*  2tr ’’ss*®n' 

Pss'®n>  = ~^rr  P<*“"®n-<>n) 


Pss<^n-'^n>  = — T— P(tan.0„) 
cos-  0„ 


Equation  (6-1  1 ) may  be  used  to  give  an  alternate  expression  for  the  scatter  cross  section-,  i.e. 

= tr  seedp  p(0n,0n'  = tr  sec'*  p(tan0„, (/>„). 


which  when  substituted  into  the  previously  presented  relationship  lor  dP  equation  (6-1  » yields: 


= _L 

- n\.f|-  sec-4  0^ 

-tan^  0^  ~j 

|Gp-G,h  tan2^„ 

1 

3 

0^ 

1 

(6-121 


This  expression  is  easily  identified  as  the  normalized  (|Gp  • vector  (Tj.f->D.  equivalent  to  the 

formulation  given  by  Staras  (eq  2 of  ref  5-7). 


The  delay  and  Doppler  variables  associated  with  a given  incremental  area  are  determined  from: 


w = ^-np  • V + nj  • V j (6-13) 

+ ^2  - ■'Is  - ''2s)  , 

where  f^  is  the  transmitted  frequency,  c is  the  velocity  of  light,  and  the  other  parameters  are  as 
illustrated  in  figure  6-2. 


6.2  DF.I.AY-DOPPLER  SCATTER  FUNCTION 

Section  6.1  outlined  that  the  multipath’s  delay-Doppler  scatter  function  serves  as  the  basic 
system  function  from  which  the  other  model  predictions  are  derived.  Consequently,  this  function  has 
been  generated  for  all  parameter  combinations  delineated  in  section  6.  As  a representative  subset  of 
the  total  ensemble,  we  present  S(r,cj)  distributions  corresponding  to  horizontal  and  vertical  polar- 
ization probes  for  high  (31  °)  and  low  (13°)  grazing  angles,  coupled  with  12°,  6°,  and  3°  rms  sea-slope 
conditions.  The  horizontal  data  is  given  for  both  in-plane  and  cross-plane  flight  directions  whereas 
only  the  in-plane  data  is  presented  for  the  vertical  polarization  probes.  In  the  following  section,  the 
integral  and  Fourier  operations  on  the  model-predicted  S(t,cj)  function  are  discussed.  Examples  used 
for  that  discussion  are  derived  from  the  S(t,cu)  distributions  of  this  section.  For  the  purpose  of 
continuity,  the  data  sets  are  therefore  left  in  integrated  form  (i.e.,  in  each  figure  we  present  S(T.tu), 
CXr),  D(cj),  R(0,S2),  and  R(J.O)  for  a particular  set  of  system  and  surface  conditions).  Table  6-2 
provides  a cross-reference  between  figure  number,  .sea-surface  slope,  grazing  angle,  and  aircraft  heading. 

The  S(r,cu)  scatter  functions  associated  with  figures  6-3  through  6-20  provide  detailed  insight 
regarding  the  grazing  angle,  polarization,  flight  direction,  and  sea-surface  slope  dependencies  of  the 
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oceanic  forward-scatter  L-band  phenomenon.'^  One  readily  observes  that  the  Doppler  frequency 
distribution  of  tite  returned  energy  is  strongly  inlluenced  by  aircraft  heading  (i.e.,  compare  figs  6-3 
and  6-9).  The  dissimilarities  between  the  in-plane  and  cross-plane  S(t,cj)  functions  arc  seen  to 
increase  as  the  rms  slope  increases  and  as  the  grazing  angle  decreases.  For  the  cross-plane  case, 
individual  delay  taps  possess  Doppler  spectra  that  are  symmetrical  with  respect  to  the  specular- 
point  return  frequency  of  0 Hz.  On  the  other  hand,  the  Doppler  spectra  associated  with  the 
individual  taps  for  the  in-plane  geometry  (with  flight  toward  the  satellite)  are  highly  asymmetrical, 
with  the  negative-frequency  return  being  significantly  more  dispersed  than  the  positive-frequency 
scatter. 


TABLE  6-2.  MODEL-PREDICTED  SCATTER  PARAMETERS:  FIGURE  REFERENCE 


Polarization 

Sea  slope, 
deg 

Grazing  angle, 
deg 

A/C  treading 

Figure 

Horizontal 

12 

31 

In-plane 

6-3 

Horizontal 

6 

31 

In-plane 

6-4 

Horizontal 

3 

31 

In-plane 

6-5 

Horizontal 

12 

13 

In-plane 

6-6 

Horizontal 

6 

13 

In-plane 

6-7 

Horizontal 

3 

13 

In-plane 

6-8 

Horizontal 

12 

31 

Cross-plane 

6-9 

Horizontal 

6 

31 

Cross-plane 

6-10 

Horizontal 

3 

31 

Cross-plane 

6-11 

Horizontal 

12 

13 

Cross-plane 

6-12 

Horizontal 

6 

13 

Ooss-plane 

6-13 

Horizontal 

3 

13 

Cross-plane 

6-14 

Vertical 

12 

31 

In-plane 

6-15 

Vertical 

6 

31 

In-plane 

6-16 

Vertical 

3 

31 

In-plane 

6-17 

Vertical 

12 

13 

In-plane 

6-18 

Vertical 

6 

13 

In-plane 

6-19 

Vertical 

3 

13 

In-plane 

6-20 

For  all  elevation  angles  and  sea-slope  conditions  associated  with  the  in-plane  flight  geometry, 
we  note  that  Si  7,u>)  is  characterized  by  two  distinct  sets  of  spectral  “humps.”  For  a given  delay  tap, 
i_^ — ' these  humps  correspond  to  the  upper  and  lower  Doppler  spectra  limits  over  which  physically  possible 

multipath  scatter  will  be  returned;  the  negative-frequency  portion  is  due  to  scatterers  being  located  on 


'^It  should  be  noted  that  S(t,w)  is  theoretically  a “smooth  function”  of  t and  cj.  The  “choppy” 
appearance  of  certain  S(r,w)  function  plots  results  from  the  choice  of  cell-size  quantitation  used  in 
the  model-production  computer  programs. 
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Figure  6-3.  Modei-Predicted  Multipath  Parameters  — Horizontal  Polarization,  31°  Grazing  Angle,  12°  Slope, 
In-Plane  Geometry 


Figure  6-4.  Model-Predicted  Multipath  Parameters  - Horizontal  Polarization.  31°  Grazing  Angle  6°  Slone 

In.Plana  9 73  t K / 


Figure  6-7.  Model -Predicted  Multipath  Parameters  — Horizontal  Polarization,  IT  Grazing  Angle,  6°  Slope, 
In-Plane  Geometry 


Predicted  Multipath  Parameters  - Horizontal  Polarization,  13°  Gi 
te  Geometry 


50»*wl»  SC 
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Figure  6-10.  Model-Predicted  Multipath  Parameters  — Horizontal  Polarization,  31°  Grazing 
Cross-Plane  Geometry 
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Figure  6-11.  Model-Predicted  Multipath  Parameters  — Horizontal  Polarization,  31°  Grazing  Angle,  J°  Slope, 
Cross-Plane  Geometry 


Figure  6-1 2.  Model-Predicted  Multipath  Parameters  — Horizontal  Polarization,  13°  Grazing  Angle,  12°  Slope, 
Cross-Plane  Geometry 


Model-Predicted  Multipath  Parameters  — Horizontal  Polarization,  13°  Grazing  Angle,  3°  Slope, 
Cross-Plane  Geometry 


Figure  6- 1 5.  Model-Predicted  Multipath  Parameters  — Vertical  Polarizatk 
In-Plane  Geometry 


•,  6°  SI 


Figure  6-19.  Model-Predicted  Multipath  Parameters  — Vertical  Polarization,  13°  Grazing  Angle,  6°  Slope, 
In-Plane  Geometry 


tho  suhaircruft  s.de  «1  the  specular  point  whereas  the  posit ive-rrequcncy  component  arises  from 
scatters  located  toward  the  subsatellite  side  of  the  specular  point.- 

There  are  two  reasons  for  the  existence  of  these  hitiliHincrgy  spectral  humps.  The  first  relates 
to  the  fact  that  for  m-plane  geometry  the  surface  elements  responsible  for  returning  energy  into  the 
upper  and  lower  Doppler  limits  of  a particular  lap  lie  along  the  great  circle  path  joining  the  subair- 
enft  and  suhsatellite  points  and  thus  have  a much  larger  scatter  cross  section  than  any  ol  the  other 
elements  that  return  energy  into  the  delay  tap.  The  second  and  perhaps  more  s.gn.ticant  cause  ,s  a 
conseuuence  of  the  relatively  large  area  si/e  ( maximum  for  each  tap)  that  gets  mapped  into  the 
extremities  of  a particular  tap's  Doppler  spectra  due  to  the  delay  and  Doppler  contours  in  the  surface 
having  a tangential  intersection.^’  This  occurs  regardless  of  aircraft  heading:  however  for  any  geometry 
other  than  in-plane,  the  locations  of  the  tangential  intersections  between  the  delay  contour  and  the 
extremities  of  the  Doppler  contours  move  off  the  great  circle  path  and  consequently  do  not  possess  as 
large  a scatter  cross  section  as  other  scatterers  that  are  located  closer  to  the  great  circle  path  and  return 
energy  into  the  delay  tap.  For  the  cross-plane  geometry,  the  off-great-circle  displacement  of  the  tang- 
ential intersection  areas  is  significantly  large;  thus  as  the  sea  slope  decreases'  the  relative  amount  o 
energy  in  the  extremities  of  each  tap's  Doppler  spectra  deceases  (e.g..  compare  figs  6-12.  6-1  3. 
and  6-14), 

With  respect  to  the  Doppler  frequency  spectral  humps,  it  should  he  noted  that  their  position 
in  the  Sir  w)  realm  depends  only  upon  system  geometry  and  transmitted  frequency  ot  the  electro- 
magnet,. wave.  Hie  sea-surface  rms  slope  controls  the  relative  amount  of  energy  in  each  spectral  bin. 
An  increase  in  slope  is  accompanied  by  a How  of  energy  from  the  low-delay  tap  numbers  to  the  htg  ter 
delays  and  from  the  interior  region  of  a tap's  Doppler  spectrum  to  the  exterior  limits  tor  the  cross 
plane  geometry , with  the  opposite  Doppler  redistribution  occurring  for  the  in-plane  case. 


SThese  observations  pertain  to  in-plane  Oights  directly  toward  the  satellite  as  in  this  tes  progran  . 
in-plane  nights  awav  from  the  satellite,  the  roles  of  the  positive  and  negative  Doppler  trequency 
realms  discussed  here  and  elsewhere  would  be  reversed,  since  scatter  from  the  rc-g.on  on  the  subair- 
cralt  side  of  the  specular  point  would,  in  that  case,  he  associated  with  positive  Doppler. 

Slathematically.  this  corresponds  to  the  Jacobian  of  the  transformation  from  the  surface  spatial 
coordinates  to  the  receiver  delay-Doppler  coordinates  becoming  intinite. 

^ , he  lower  the  sea  slope-  the  quicker  the  scatter  cross  section  drops  off  for  an  increase  in  the  off-great- 
circle  location  of  a surface  element. 
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Kor  large-delay  tap  numbers,  the  behavior  of  the  in-plane  geometry  spectral  humps  is  of  signifi- 
cant interest.  In  particular  we  note  that  for  an  increase  in  delay,  the  frequencies  associated  with  the 
negative  Doppler  extremity  increase  whereas  the  positive  maxima  remain  at  a Doppler  frequency  that 
is  essentially  invariant.  These  features  are  readily  explained  in  terms  of  the  rate  of  change  that  the 
angle  between  vectors  v and  ri^  of  figure  6-2  undergoes  fora  change  in  scatter  location  along  the 
great  circle  line  joining  the  subaircraft  and  subsatellite  points  (i.e.,  the  Doppler  shift  as.sociated 
with  refiection  from  a surface  element  is  proportional  to  the  cosine  of  the  angle  between  velocity 
vector  and  refiected  ray,  which  angle  changes  much  more  slowly  in  the  subsatellite  direction  than  in 
the  subaircraft  direction). 

Finally  it  may  be  observed  that  under  identical  surface  and  geometrical  conditions,  the  S(r,co) 
functions  for  the  horizontal  and  vertical  polarization  are  in  close  accord.  However,  as  was  mentioned  in 
section  5.1 , we  are  able  to  discern  that  the  relative  weightings  between  the  negative  and  positive  Doppler 
returns  are  larger  for  the  vertical  polarization  data  than  for  their  horizontal  counterparts.  This  results 
from  the  fact  that  as  the  scatterers  move  toward  the  subaircraft  location,  their  local  elevation  angles 
increase  as  opposed  to  a decrease  for  locations  toward  the  subsatellite  point.  Hence  for  the  grazing 
angles  associated  with  the  examples  of  this  section,  the  negative-frequency  returns  (subaircraft  direc- 
tion) have  a larger  vertical-to-horizontal  polarization  refiection  coefficient  ratio  than  the  positive- 
frequency  returns.  For  specular-point  grazing  angles  in  the  vicinity  of  the  Brewster  angle,  this  observa- 
tion will  of  course  no  longer  hold  true. 


6..5  INTFGR.AL  ANDF0URIF:R0PF:RATI0NS0N  Str.cj) 

■Model  predictions  relating  to  the  multipath  channel’s  joint  time-frequency  autocorrelation 
function,  delay  spectra,  frequency  autocorrelation  function,  Doppler  spectra,  time  autocorrelation 
function,  and  total  rms  scattered  energy  are  derived  through  integral  and  F'ourier  operations  on  the 
model-generated  S(t,oj)  function  (see  sec  4.2  for  the  mathematical  relationships).  Results  pertaining 
to  these  predictions  arc  given  in  this  section. 


6.3.1  Joint  Time-Frequency  Autocorrelation  Function:  R({,S2) 

R(i,S2)  is  related  to  S(r,to)  through  a double  inverse  Fourier  transform  operation  on  the  r 
and  to  variables;  thus  one  domain  influences  the  other  via  the  well-known  properties  associated  with 
the  Fourier  transform  (e  g.,  an  increase  in  spread  of  the  r variable  results  is  a decrease  in  the  H spread 
etc.).  Hence  the  overall  grazing  angle  and  slope  dependencies  of  R(J,n)  may  be  predicted  from  the 
previous  di.scussion  in  section  6.2. 
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Com-spoiulingly.  we  expect  th;it  K(?,^2)  is  strongly  depeiuient  upon  aircralt  heading.  To 
illustrate  this  dependence.  Rt^.ni  distributions  are  given  in  figures  6-2  I and  6-22  for  the  in-plane  and 
cross-plane  flight  directions,  respectively.  Accompanying  each  |K(^.S2)I  example  is  the  SIt.w)  func- 
tion from  which  it  was  derived.  These  data  were  generated  for  a horizontal  polarization  probe  at  a 
grazing  angle  of  1^1°  with  an  rms  sea  slope  of  6°.  For  the  in-plane  geometry  case,  the  R(i,S7)  function 
is  given  from  two  alternate  points  of  view. 

Perhaps  one  of  the  most  obvious  features  of  these  two  figures  relates  to  the  symmetry  proper- 
ties of  the  Rti.Si)  distribution  with  regard  to  the  time-lag  variable  a direct  result  of  the  Doppler 
(cj)  coordinate  symmetry  properties  of  the  S(t,cj)  counterparts.  For  both  Rt^,J2)  examples  we  see 
that,  as  expected,  the  function  has  peak  value  for  the  simultaneous  zero  time  (^)  and  frequency  (S2) 
lags.  !n  general  RtJ.fl)  decreases  for  an  increase  in  either  the  ^ or  12  variables.  This  decrease  is 
fairly  monotonic  for  the  cross-plane  geometry  yet  we  note  a distinct  oscillatory  structure  in  the  varia- 
ble of  the  in-plane  data  example.  Furthermore,  for  a given  F2,  the  oscillatory  characteristic  results  in 
a local  maximum  that  does  not  texcept  for  ii2  = 0)  coincide  with  the  J = 0 axis.  Rather,  we  observe 
that  the  { value  corresponding  to  the  local  R(J,F2)  maximum  is  positive  and  systematically  increases 
for  an  increase  in  f2.  For  ^ values  greater  than  the  local  maximum,  the  R(J,S2)  function  has  a pre- 
cipitous dropoff  to  a level  closely  equivalent  to  its  mirror-image  value  on  the  negative  side  of  the  axis. 

It  may  be  shown  that  the  local  maximum  shoulder  associated  with  the  in-plane  R(f,F2)  distribution  is 
a direct  result  of  the  negative  Doppler  (i.e..  returns  arriving  from  the  subaircraft  side  of  the  specular 
point » shoulder  of  the  Str.cu)  function.  The  positive  Doppler  shoulder,  which  in  comparison  with  the 
negative  shoulder  quickly  becomes  asymptotic  to  the  delay  axis,  gives  rise  to  the  symmetrical  compo- 
nent contained  in  the  R(J,J2)  in-plane  distribution. 


6.3.2  Delay  Spectra 

This  parameter  is  obtained  by  integrating  the  model-generated  StT.tu)  function  over  its 
Doppler  variable.  Delay  spectra  dependence  upon  the  polarization,  grazing  angle,  fiight  direction,  and 
sea-slope  parameters  can  be  estimated  by  referring  to  the  figures  listed  in  table  6-2.  Significant  observa- 
tions are  listed  below. 

a.  1 he  delay  spectrum  does  not  depend  on  the  velocity  vector  of  the  airplane.  The  minute 
dificrences  visible  between  the  in-plane  and  cross-plane  spectra  (e.g.,  figs  6-3  and  6-d) 
result  from  differences  in  the  surface  integration  parameters  chosen  for  the  two  cases. 

The  parameter  JJJ  contained  in  the  computer  printout  heading  of  each  figure  is  an  indica- 
tion of  this. 

b.  Sea-surface  slope  has  a much  greater  infiuence  on  the  delay  spectrum  than  docs  the  grazing 
angle  parameter;  the  higher  the  sea  slope,  the  heavier  tailed  the  distribution  becomes.  In 
section  6-4,  delay  spread  parameters  are  shown  to  have  only  a weak  dependence  upon 
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Distribution,  Cross-Plane  Geometry 


jjrazing  angles  and  almost  no  dependence  for  angles  above  1 5°  in  conjunction  with  low-to- 
moderate  sea  slopes. 

,<\part  from  the  relative  magnitud-  differences,  the  high-angle  (31°  I vertical  and  horizontal 
polarization  delay  spectra  have  very  similar  distributions.  On  the  other  hand,  the  low- 
angle  data  ( I 3° ),  coupled  with  sea  slopes  of  6°  and  I 2°,  shows  a vertical  polarization 
spectrum  which,  compared  to  its  horizontal  polarization  counterpart,  is  visibly  more  dense 
in  the  interior  region  of  its  distribution. 


6.3.3  Frequency  Autocorrelation  Function:  R'0,J2) 

Since  the  frequency  autocorrelation  function  is  derived  by  taking  the  inverse  Fourier  transform 
of  the  delay  spectrum,  many  of  its  attributes  may  be  deduced  from  the  preceding  discussion.  First, 
we  observe  that  RIO, 12)  does  not  depend  on  the  velocity  vector  of  the  airplane.  Also,  since  the  delay 
spectrum  is  everywhere  positive,  the  frequency  autocorrelation  function,  as  expected,  has  maximum 
amplitude  for  the  0-Ilz  separation  value.  With  respect  to  the  sea-surface  slope  effects,  it  is  noted  that 
a decrease  in  slope  results  in  a broadening  of  the  R(0.i2)  amplitude  distribution.  In  contrast,  the 
grazing  angle  dependence  produces  no  appreciable  difference  in  the  R(0.J2)  distributions  for  the  cases 
illustrated.  Polarization  effects  on  R(0,S2)  are  also  seen  to  be  minimal  except  perhaps  foi  the  low- 
grazing-angle  cases  coupled  with  the  occurrence  of  high  sea  slopes,  where  it  is  observed  that  the  hori- 
zontal polarization  distributions  are  heavier  tailed  than  their  vertical  polarization  counterparts. 


6.3.4  Doppler  Spectrum 

Compared  with  the  other  multipath  channel  unidimensional  measures  considered,  the  Doppler 
spectrum  shows,  by  far,  the  greatest  dependency  upon  grazing  angle  and  flight  direction  system  param- 
eters. It  is  also  inlluenced  significantly  by  the  sea-surface  rms  slope  and  has  a slight  dependence  upon 
the  polarization  of  the  incident  electromagnetic  wave.  Referring  to  the  figures  delineated  in  table  6-2 
we  observe  that  for  cross-plane  flight  geometries  the  Doppler  spectrum  has  a distribution  that  closely 
resembles  zero  mean  Gaussian,  with  variance  increasing  in  a linear  fashion  with  an  increase  in  rms  sea 
slope.  These  characteristics,  especially  for  the  larger  sea  slopes,  are  distinctly  different  from  those 
associated  with  the  in-plane  flight  geometry.  In  general,  the  Doppler  spectra  of  the  in-plane  flight 
cases  are  highly  asymmetric,  with  the  distribution  being  heavy  tailed  in  the  negative-frequency  realm 
and  possessing  a spectral  maximum  that  coincides  with  a frequency  upper  limit  in  the  positive  realm. 
Above  this  maximum  the  energy  density  falls  off  in  a precipitous  manner.  It  is  observed  that  the.se 
attributes  become  more  pronounct  l as  the  sea  slope  increases  and  as  the  grazing  angle  decreases  (i.e.. 
compare  figs  6-3,  -5,  -6,  and  -8).  In  fact,  we  note  that  as  the  opposite  conditions  occur  (low  slopes 
coupled  with  high  grazing  angle),  the  in-plane  distribution  becomes  increa.singly  similar  to  its  cross- 
plane counterpart  (compare  figs  6-5  and  6-1  1 ). 


Tho  di-potulotKi-  of  the  in-planc  Doppli-r  spcLtra  upon  the  sea-slope  parameter  is  of  particular 

o 

interest,  f'or  an  increase  in  slope  we  ohserve”  that  energy  near  the  0-Mz  center  of  the  function  is 
dispersed  toward  the  extremities  of  the  distribution,  with  the  manner  of  redistribution  being  markedly 
different  for  the  negative  and  posiiive  halves  of  the  spectrum.  The  positive  realm  is  seen  to  become 
increasingly  peaked,  with  the  peak  shifting  toward  the  high-frequency  cutoff  of  the  spectrum,  the 
spectra  density  in  the  negative-frequency  region  becomes  more  and  more  dispersed  with  the  falloff 
resembling  an  exponential  decay.  .-\s  discussed  in  section  6.2,  the  behavior  of  the  in-plane  Doppler 
spectra's  peak  distribution  and  sharp  high-freijuency  cutoff  is  a direct  result  of  the  asymptotic 
behavior  of  the  positive-frequency  shoulder  of  the  S(T.to)  function. 

With  respect  to  the  polarization  characteristics  of  the  Doppler  spectrum,  we  note  that  for  high 
grazing  angles  and  low  slopes  the  vertical  and  horizontal  polarization  data  are  in  close  agreement.  For 
the  low-grazing-angle  and  high-slope  conditions,  the  vertically  polarized  spectrum  is  seen  to  have  a 
much  higher  percentage  of  energy  in  the  negative  portion  of  the  distribution  than  does  the  correspond- 
ing horizontal  data.  The  phenomenon  that  produces  this  observation  was  discussed  previously  in 
section  6.2. 


6.3,5  Time  .Autocorrelation  Function;  R(J.O) 

Fven  though  the  channel's  time  autocorrelation  function  is  related  to  the  Doppler  spectrum  by 
wav  of  the  Fourier  transform,  we  observe  that  its  distribution  has  the  same  general  shape  for  both 
choices  of  aircraft  heading.  However,  for  the  large  sea  slopes  the  in-plane  ( Rf.O)  function  decays 
considerably  slower  than  the  cross-plane  distribution.  This  feature  is  a result  of  the  very  peaked  maxi- 
mum that  the  high-slope  in-plane  Doppler  distributions  possess.  In  general  a systematic  increase  in  the 
dispersion  of  RtJ.Oi  is  associated  with  a decrease  in  the  sea-surface  slope  and  a decrease  in  the  grazing 
angle.  Also,  as  one  would  expect  from  the  Doppler  spectra  observations,  the  horizontal  and  vertical 
polarization  R{{,0)  results  are  fairly  similar  except  for  the  low-angle  high-slope  condition,  where  the 
horizontal  polarization  function  exhibits  a much  slower  decay  than  its  vertical  polarization  counter- 
part. 


6.3.6  Total  RMS  Scattered  Energy 

Model  predictions  of  the  sea  surface's  total  scattered  energy  as  received  over  the  satellite-to- 
airplane  link  are  presented  in  figure  6-23.  This  data  has  been  normalized  relative  to  the  energy  received 
over  the  direct  line-of-sight  path,  which  for  geostationary  satellite  altitudes  is  closely  equivalent  to  a 


tt 

Note  that  the  Doppler  shift  associated  with  rellection  off  a surface  element  is  proportional  to  the 
cosine  of  the  angle  between  the  incident  and  rellected  rays. 
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Figure  6-23.  Model-Predicted  Oceanic  Scatter  Coefficients 


norniah/alion  with  respect  to  the  energy  incident  upon  the  surface.  Important  features  pertaining  to 
the  scatter  coefficients  are  listed  below. 

a.  Sea  slope  has  a very  minor  effect  on  the  higher  grazing  angle  t>  10° ) data. 

b.  For  the  low-grazing-angle  results,  we  note  that  the  vertical  polarization  coefficients  tend 
to  increase  with  an  increase  in  sea  slope  whereas  the  opposite  dependence  holds  true  for 
the  horizontal  polarization  results.  This  behavior  results  from  a combination  of 
titan  increased  “active”  scatter  area  for  the  larger  surface  slopes,  coupled  with 

1 2)  an  effective  depolarization  of  the  incident  electromagnetic  wave,  which  increases  as 
the  scatterer  moves  further  from  the  specular  point.  For  example,  with  respect  to  the 
individual  “tilted”  flat  surfaces  that  favorably  reflect  energy  into  the  receiver,  the  vertical 
polarization  probe  will  in  fact  h.-'ve  a polarization  vector  that  contains  a horizontal 
component  and  is  reflected  with  less  loss  than  the  vertical  component.  Other  reasons 
include  (3)  the  fact  that  at  the  lower  grazing  angles  in  the  vicinity  of  the  Brewster  angle 
(~7°)  the  vertical  and  horizontal  rellection  coefficients  are  substantially  different  from 
their  higher  angle  counterparts,  and  (4)  the  “Brewster  angle  fill-in”  effect,  which  has  been 
discussed  previously  in  section  5.6.2. 

c.  The  lower  the  sea  slope  the  closer  the  scatter  coefficient  approaches  the  classical  Fresnel 
smooth  Hat-earth  reflection  coefficient  result  as  modified  by  the  spherical-earth  diver- 
gence factor. 


6.4  SPRFAU  VALUE  PREDICTIONS 


Model-predicted  spread  values  for  the  multipath  channel’s  delay  spectra,  frequency  autocorrela- 
tion function,  Doppler  spectra,  and  time  autocorrelation  function  are  presented  in  this  section. 
Definitions  pertaining  to  the  spread  parameter  measures  given  in  section  5.3  apply  to  the  model 
predictions.  In  addition,  we  present  the  delay  spectra’s  second  moment  relative  to  the  specular-point 
return.  This  measure  is  calculated  as: 
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where 


‘^0<rl  ' 'I'-'I'O  'peetra's  second  moment  with  respect  to  specular  delay 

Tsp  = specular  tap 

0(  rl  = mean  siiuare  ener^ty  at  output  of  delay  tap 

Spread  value  results  are  presented  ttraphically  as  a function  of  ^tra/inp  angle  (3°  to  31°)  for  sea 
slopes  of  3°.  0°.  and  I 2°  in  figures  fi-24  through  6-34  Refer  to  table  6-3  to  obtain  the  correspondence 
between  figure  number,  spread  measure,  prober  polari/.ation,  and  aircraft  heading.  Observations  per- 
taining to  the  spread  measure  characteristics  are  summarized  below. 


TABLE  6-3.  MODEL  PREDICTED  SPREAD  PARAMETERS:  FIGURE  REFERENCE 


Parameter 

Spread 

measure 

— 

Polarization 

Heading 

Figure 

Delay 

3dB 
10  dB 

Horizontal 

a 

6 24 

Delay 

3dB 
10  dB 

Vertical 

a 

6 25 

Delay 

“QIt) 

Horizontal 

a 

626 

Delay 

"Q(t) 

Vertical 

a 

6 27 

Coherence  bandwidth 

3dB 

Horizontal  and  Vertical 

a 

6-28 

Doppler 

3dB 
10  dB 

Horizontal 

In-plane 

6 29 

Doppler 

3dB 
10  dB 

Vertical 

In-plane 

6-30 

Doppler 

3dB 
10  dB 

Horizontal 

Cross-plane 

6-31 

Decorrelation  time 

3dB 

Horizontal 

In-plane 

6-32 

Decorrelation  time 

3dB 

Vertical 

In-plana 

6-33 

Decorrelation  time 

3dB 

Horizontal 

Cross-plane 

6-34 

^Oelay  spectra  not  a function  of  heading. 


6.4.1  Delay  Spread 

Delay  spread  results  arc  presented  in  figures  6-24  through  6-27. 

a.  Aircraft  heading  has  no  effect  on  parameters  associated  with  the  delay  spectrum. 

b.  For  horizontal  polarization  and  low-to-modest  sea  slopes  (i.e.,  up  to  6°),  the  3-  and  lO-dB 
delay  spreads  are  relatively  uninfluenced  by  the  grazing  angle  parameter.  The  vertical 
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Figure  6-24.  Model-Predicted  Delay  Spread  — Horizontal  Polarization 
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Figure  6-25.  Model-Predicted  Delay  Spread  — Vertical  Polarization 
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Figure  6-26.  Model-Predicted  Delay  Spread  (Second  Moment)  — Vertical  Polarization 
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Figure  6 27  Morlel  Prerhcted  Delay  Spread  (Second  Moment)  — Horizontal  Polarization 


polari/ation  data  for  these  slopes  is  eharaeterized  hy  a local  maxirnutn  in  the  vicinity  of 
the  Brewster  anftle;  otherwise  it  also  has  a relatively  Hat  grazing  angle  dependence. 

c.  I'or  the  larger  slopes,  the  delay  spreads  tend  to  increase  with  grazing  angle;  the  dependency 
is  relatively  strong  for  grazing  angles  below  approximately  1 5°  and  quite  weak  thereafter. 

d.  The  similarity  between  the  vertical  and  horizontal  spreads  is  seen  to  increase  with  an 
increase  in  grazing  angle  and  a decrease  in  sea  slope;  for  the  lower  grazing  angle  and 
higher  slopes,  the  vertical  polarization  data  in  general  has  the  larger  3-  and  lO-clB  spread 
value. 

e.  The  spread  values  have  the  same  order  of  magnitude  as  the  1 0-dB  spreads;  however, 

as  opposed  to  the  above  observation,  we  note  that  the  horizontally  polarized  second- 
moment  spread  is  generally  larger  than  its  vertical  polarization  counterpart. 

f.  All  spread  measures  (3-dB,  10-dB.  and  Oq(,-)  ;tre  observed  to  increase  with  an  increase 
in  rms  surface  slope;  the  functional  form  of  the  increase,  however,  does  not  appear  to  he 
systematic. 


6.4.2  Coherence  Bandwidth 

Figure  6-28  illustrates  model  results  for  the  coherence  bandwidth. 

a.  For  the  higher  sea  slopes,  model  results  indicate  that  the  3-ilB  coherence  bandwidth  has  a 
very  weak  dependence  upon  grazing  angle,  whereas  the  3°  sea  slope  yields  3-tlB  coherence 
bandwidth  that  increases  rather  sharply  for  an  increase  in  grazing  angle.  This  result  is 
somewhat  in  opposition  to  that  obtained  for  the  delay  spread  parameter. 

b.  In  general,  the  horizontal  and  vertical  polarization  data  are  in  fairly  close  accord. 

c.  Coherence  bandwidth  decreases  with  an  increase  in  sea  slope, 

d.  For  the  I 2°  sea-slope  case,  a 3-dB  coherence  bandwidth  of  roughly  85  kHz  appears  to  be 
typical  for  grazing  angles  lying  between  3°  and  31°;  the  6°  slope  data  yields  3-ilB 
coherence  bandwidths  ranging  from  roughly  200  to  275  kHz,  with  the  higher  values  being 
associated  with  the  larger  grazing  angles. 
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Figure  6-28.  Model-Predicted  3-dB  Coherence  Bandwidth 
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Mode! -Predicted  Doppler  Spread  — Horizontal  Polarization,  In-Plane  Geometry 


Figure  6-30.  Model  Predicted  Doppler  Spread  — Vertical  Polarization,  In-Plane  Geometry 
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Figure  6-31 
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Model-Predicted  Doppler  Spread  — Horizontal  Polarization,  Cross-Plane  Geometry 


Figure  6-32.  Model-Predicted  Decorrelation  Time  — Horizontal  Polarization.  In  Plane  Geometry 
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Figure  6-33.  Model-Predicted  Decorrelation  Time  — Vertical  Polarization,  In-Plane  Geometry 
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Figure  6-34.  Model-Predicted  Decorrelation  Time  — Horizontal  Polarization,  Cross  Plane  Geometry 
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6.4.3  DoppliT  SpriMil 

Doppli-r  spriMii  inocii‘1  predictions  are  given  in  figures  6-24,  6-30.  and  6-3 1 . 

a.  Both  the  3-  and  lO-ilB  spread  measures  increase  monotonicallv  as  a function  of  elevation 
angle  for  all  three  sea  slopes.  For  the  cross-plane  geometry  this  increase  is,  to  close 
approximation,  proportional  to  the  sine  of  the  elevation  angle,  whereas  a very  nonsystema- 
tic  behavior  characterizes  the  in-plane  data. 

b.  The  spreads  associated  with  the  cross-plane  data  increase  with  an  increase  in  sea  slope. 

For  both  measures,  the  spread  appears  to  be  linearly  related  to  the  surface  slope. 

c.  For  the  in-plane  geometry  we  observe  a rather  unexpected  slope  dependency.  Namely, 
the  largest  slopes  do  not  always  correspond  to  the  largest  Doppler  spreads.  This  occurs 
for  both  the  3-  and  lO-dB  spread  measures  and  for  both  polarization  modes.  It  results 
from  the  fact  that  as  the  slope  increases,  the  amount  of  energy  contained  in  the  asymp- 
totic region  of  the  S(r.a;)’s  positive  shoulder  increases,  thereby  causing  the  high-frec]uency 
end  of  the  Doppler  spectrum  to  become  increasingly  peaked  (i.e.,  the  asymptotic  region 

is  mapped  into  a single  Doppler  location).  On  the  other  hand,  the  increase  in  slope  will 
cause  an  increase  in  dispersion  associated  with  the  other  regions  of  the  spectrum.  Thus 
for  the  in-plane  llight  direction  3-  and  lO-dB  Doppler  spread  measures  we  have  a tradeoff 
between  two  factors  that  have  an  opposite  slope  dependence  spread  effect.  These  effects 
are  visibly  demonstrated  by  the  data  presented  in  figures  6-6  through  6-8.  For  the  low 
grazing  angles,  the  high-frequency  end  peak  becomes  very  significant  and  is  observed  to 
result  in  3-dB  Doppler  spreads  on  the  order  of  I Hz  (about  10  to  40  times  lower  than  their 
cross-plane  counterparts). 

d.  Doppler  spread  dissimilarities  between  the  in-plane  and  cross-plane  data  sets  decrease  for 
an  increase  in  elevation  angle  and  a decrease  in  sea  slope. 


6.4.4  Decorrelation  Time 

Figures  6-32,  6-33,  and  6-34  present  model-predicted  results  for  decorrelation  time. 

a.  I.ike  the  coherence  bandwidth  measures,  the  decorrelation  time  spread  values  show 
systematic  dependencies  upon  grazing  angle  and  rms  surface  slope,  i.e.,  the  decorrelation 
times  monotonically  decrease  for  an  increase  in  either  the  slope  or  grazing  angle. 

b.  The  grazing  angle  dependence  appears  to  follow  a sin'*  (grazing  angle)  relationship, 
especially  for  the  cross-plane  flight  geometry  cases. 
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I.  For  most  of  the  taazing  angles,  decorrelation  time  decreases  approximately  linearly  with 
an  increase  in  sea  slope. 

d.  Aircraft  heading  mildly  intluences  decorrelation  time,  with  the  in-plane  data  having 
slightly  larger  decorrelation  times  than  the  cross-plane  data  (particularly  for  the 
large  sea-slope  conditions). 

e.  In  general  the  vertical  and  horizontal  polarization  results  are  in  close  agreement;  however, 
we  do  note  that  for  the  6°  and  I 2“  slope  cases  the  vertical  polarization  data  tends  to  have 
a slightly  lower  decorrelation  time  than  the  horizontal  equivalent  (with  the  exception  of 
the  3“  grazing  angle  condition  coupled  with  the  6°  surface  slope). 

f.  Decorrelation  time  difference  between  the  in-plane  and  cross-plane  cases  tends  to 
decrease  for  an  increase  in  grazing  angle  and  a decrease  in  sea  slope. 

I 
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6.5  SFA-STATE  DATA 

In  the  propagation  of  signals  between  satellite  and  aircraft,  unwanted  multipath  energy  is 
scattered  from  the  ocean  surface.  lo  fully  understand  this  scattering  mechanism,  a basic  knowledge  of 
the  interaction  between  the  surface  characleristn.s  and  the  electromagnetic  signal  must  be  obtained. 

In  this  section,  a description  is  givee  f sea-state  measurements  and  their  analysis.  I’his  measurement 
program  was  carried  out  in  conrunct. on  with  the  aeronautical  tests  to  provide  a source  of  fundamental 
data  that  could  be  correlated  with  the  measured  link  scattering  properties. 

The  basic  instrumentation  was  comprised  of  three-axis  acceleromeft's,  roll  and  pitch  gyros,  and 
a magnetic  compass,  all  mounted  on  a wave-following  buoy.  Damping  was  provided  so  that  the  buoy 
responded  to  wave  motion  in  the  same  way  that  an  equivalent  volume  of  water  would.  The  roll  and 
pitch  gyros  provide  data  concerning  wave-slope  distributions,  while  the  accelerometer  outputs  may  be 
processed  to  yield  spectral  attributes  of  the  ocean  surface.  Because  of  its  size,  the  buoy  responds  only 
to  wave  lengths  greater  than  a meter  or  so.  To  allow  measurement  of  the  properties  of  smaller  waves, 
the  buoy  was  fitted  with  an  array  of  10  wave  staffs  to  sense  small-scale  undulations  directly. 

.Analysis  of  data  collected  from  these  sensors  provides  information  on  the  ocean  properties 
relevant  to  the  scattering  of  electromagnetic  waves.  In  addition  to  the  validation  of  postulated  models, 
valuable  insight  is  gained  to  provide  a basis  for  either  extending  the  models  to  he  more  accurate  or 
simplifying  them  to  the  point  where  elementary  descriptors,  such  as  windspeed,  may  be  used  to  estimate 
scattering  properties. 
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6,5.1  Outlim;  ol'  llio  Model 

l eading  into  a diseiission  ol  the  coupling  between  sea-slate  observables  and  multipath  scatter- 
ing, a brief  description  of  oceanic  wave  motion  is  given. 


6 5.11  Tuloriat  Disaissitni  of  It'ure  Motion  The  ocean  surface  can  be  described  and  classified  in  a 
variety  of  ways.  The  most  complete  description  of  current  surface  scatter  models  for  the  ocean  con- 
sists of  the  joint  probability  density  function  of  wave  slopes  along  two  orthogonal  axes  P|  |(/,.,/y ). 
the  prof  ability  density  function  of  wave  height  PqI/).  and  the  power  spectral  density  of  the  small-scale 
surface  heights  S^ofk^.ky Other  important  parameters,  some  of  which  can  be  derived  from  the 
above  functions,  are  the  rms  wave  height,  the  rms  wave  slope  (omnidirectionality  assumed),  and  the 
windspeed  and  wind  direction. 

The  above  functions  and  parameters  derive  from  a mathematical  model  for  the  mean  surface, 
to  which  reference  is  also  required  for  the  breakdown  and  interpretation  of  sea-state  data.  .Most  gen- 
erally. the  wave  surface  is  represented  as  a three-dimensional  function,  rjix.y.i),  which  is  taken  to  be  a 
random  process  in  space  and  time.  The  process  can  be  advantageously  viewed  as  an  infinite  sum  ol 
propagating  sinusoidal  waves  with  random  coefficients.  The  sinusoidal  dependence  of  each  term  has 
the  form: 

cost  cut -iT 'T-t- f)  . (6-16) 

where; 

u)  = angular  frequency  ( radians  per  second) 

k = vector  wave  number  (radians  per  meter),  with  components  k.^  and  k^.  in  the  x and 
y directions,  respectively 

} = surface  position  vector  with  components  x and  y 

e = an  arbitrary  phase  angle . 

f ile  dot  product  in  equation  (6-16)  is  given  by 


= k^x  + k^y- 


( 6- 1 ~ ) 


'^A  complete  discussion  of  these  funclions  and  their  relationships  to  multipath  effects  is  given  in 
(ref  .5-5). 
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One  of  thf  most  important  means  of  elassit'yint:  ocean  waves  derives  from  the  nature  ol  the 
oseillatinp  behavior  content  in  equation  (b-17l.  The  descriptive  parameters  are  the  temporal  annular 
fre<iueney  u)  and  the  spatial  anpular  fretiuency  ik|  in  the  direction  of  r . An  illustration  of  this  type 
of  classification  is  provided  in  tigure  h-iS.  The  wavelength  referred  to  in  fig'""  - 0-35  is  (ref  0-7)  that 
obtained  by  writing  the  magnitude  of  k in  the  form 


In  this  expression.  8 is  the  exact  analog  of  wavelength  in  electromagnetic  theory.  The  terminology 
“infragravity  waves”,  “long  period  waves",  etc.  used  in  figure  0-35  refers  to  the  mechanism  whereby 
the  wave  is  generated  and  sustained  or.  in  an  obvious  way.  relers  to  the  scale  length  8 . 

Tor  .eravity  waves,  the  aforementioned  constraint  between  temporal  and  spatial  frequency  is 
pro ’ided  by  the  dispersion  relation 


= |k|  g,  (0-|0i 

where  g is  the  constant  acceleration  due  to  gravity  ( d.S  m ’sec^  t.  In  terms  ol  the  wavelength  8 and 
the  temporal  period  1 . this  relation  can  be  written  in  the  form 


8 = ^ 

JTT 


Tor  the  interpretation  of  expeninental  data,  these  two  relations  provide  insi.ghts  into  the  relation 
between  the  temporal  and  spatial  behavior  of  the  ocean  surface. 


6 .5. 12  Rcluiionshi!)  oj  Sca-Stale  Data  lo  Multipath  Scattering  As  discussed  in  reference  5-5  and 
by  DeRosa  in  reference  5-4.  the  scattering  cross  section  for  the  ocean  surface  can  be  represented  m 
terms  of  the  toint  probability  density  function  of  the  wave  slopes  along  two  orthogonal  axes  p|  |t /^./^.). 
Once  iht  cross  section  is  known,  the  delay-Doppler  scatter  function.  .StT.cc).  can  be  iletermineil  ahnig 
with  all  of  the  low  » echelon  parameters  such  as  rtns  multipath  spread.  Doi'pler  spread,  coherence 
bandwidths  of  the  channel,  etc.  Thus,  all  the  important  parameters  required  to  characteri/e  the  multi- 
path  channel  are  derivable  from  the  joint  pdf  P|  There  is  a soumi  physical  interpretation  ot 

this  function’s  role  in  the  scattering  process;  the  inultiaide  of  wave  surfaces  provide  opportunities,  in 
any  spatial  region,  for  the  correct  alignment  of  a stirface  at  the  mirror  angle  between  the  aircraft  and  the 
satellite.  Scattering  regions  more  widely  separ.ited  from  the  s|H-eiilar  path  require  sleeper  wave  slopes 
lo  achieve  the  correct  facet  alignment,  ami  the  fact  that  this  is  less  likely  to  occur  for  regions  wiilely 


Figure  6-35.  Schematic  Representation  of  Ocean  Surface  Power  Spectral  Density 


^cparate^i  from  the  specular  path  than  tor  paths  near  specular  can  he  clescrihed  in  a quantitative  way 
with  the  use  of  a waveslope  peJf. 

In  addition  to  their  representation  in  terms  of  P|  the  channel  parameters  and  sub- 

sidiary functions  (delay  and  Doppler  power  spectral  densities)  can  he  represented  directly  in  terms  of 
®slope-  lluctuations  of  the  surface  slope.  This  kind  of  representation  is  achieved  via  the 

assumption  of  a specific  form  (e.g..  joint  Gaussian)  for  the  slope  density  and  the  method  of  “steepest 
descent,"  which  provides  a satisfactory  solution  for  most  aeronautical  satellite  applications.  As 
examples  we  point  out  the  explicit  relation  between  3-dB  Doppler  spread  presented  in  this  report  and 
Bello’s  representation  of  the  delay  power  spectral  density  as  a function  of  and  geometric 

parameters  (ref  5-1 ). 

It  should  be  pointed  out  that  the  availability  of  experimental  joint  pdfs  for  wave  slope  allows 
a direct  comparison  of  model  calculations  using  measured  pdfs  and  model  calculations  using  a joint 
Gaussian  pdf  parameterized  appropriately  with  the  measured  value  of 

The  prediction  of  multipath  effects  in  operational  systems  would  be  greatly  facilitated  if  one 
could  make  predictions  based  solely  on  standard  oceanic  observables  such  as  wind  velocity  and/or  wave 
height.  Usefulness  of  such  an  approach  currently  hinges  on  the  validity  of  relationships  such  as  those 
presented  in  reference  6-8  ( p.  16)  which  have  been  called  from  other  references  (refs.  5-1  2 and  6-9). 
From  rjference  6-9  we  have  a functional  relationship  between  the  rms  wave  height,  0[^,  and  the 
windspeed,  V.  given  by 


0|,  = 0.00455  . 


(6-21) 


with  0|^  given  in  ft  and  V in  knots.  From  reference  5-1  2 we  have  the  relation  between  rms  wave 
slope.  o,;)ope'  windspeed  V 


"slope  = O.I(a  + bV)'/^ 


(6-22) 


where  a and  b are  constants  that  depend  on  whether  the  slope  is  in  the  upwind  direction,  the  cross- 
wind  direction,  or  is  omnidirectional.  Specifically,  the  coefficients  are 

Upwind;  a = 0 ,b  = 0.163 

Crosswind:  a = 0.3.  b = 0.099 

Total  a = 0.3  b = 0.264 
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Upwind; 
Cross  wind: 
Total 


\'  is  in  knots'^  ami  the  slope  parameter  a is  dimensionless. 

(■omhinm!>  the  two  relations  above,  one  obtains  a velocity-independent  relation  between  the 
rms  wave  height  and  rms  slope: 


"h 


(6-2.1) 


The  obiectives  of  the  sea-state  data  reduction  effort  are  seen  then  primarily  in  terms  of  the 
derivation  of  experimental  slope  distributions  and  wave-number  spectra,  along  with  the  correlation  of 
slope  data  with  observed  windspeed  and  sea  conditions. 


Sea-State  Data  Reduction 

The  sea-state  measurement  periods  generally  covered  periods  of  40  min  of  buoy  deployment. 
Altogether,  seven  different  data  segments  are  available,  some  corresponding  to  days  on  which  the  air- 
craft was  llown  in  the  multipath  tests.  However,  on  these  occasions  there  was  a time  differential 
between  the  two  sets  of  measurements  of  approximately  5 hr.  so  it  would  be  unwise  to  expect  very 
close  predictions  of  actual  scattering  conditions  from  the  sea-state  data. 

Table  6-f  lists  the  data  segments  processed  and  includes  all  relevant  parameters.  F-or  these 
measurement  days,  the  data  reduction  included: 

a.  Wave-slope  pdf’s  from  roll,  pitch,  and  compass  variables 

h.  Wave-height  and  acceleration  spectra  from  accelerometer  variables 

c.  .Small-scale  wave-height  spectra  from  the  wave  staffs 

d.  Statistical  analysis  of  wave-height  acceleration 

Details  of  this  processing  are  given  below.  Further  discussion  of  the  wave  instrumentation 
is  contained  in  appendix  B of  volume  IV. 


**^ln  deriving  the  empirical  relationship  of  equation  (6-22),  Cox  and  Munk  used  data  acquired  for  a 
range  of  wind  velocities  up  to  I 8 kn.  Data  presented  later  in  table  (v5  applies  this  relationship  for 
measured  wind  velocities  slightly  in  excess  of  this  value. 
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TABL  E 6-4.  TABULA  TION  OF  SEA-STA  TE  TAPES  PROCESSED  AND  PARAMETER  VALUES  DERIVED 


Slope  parameter 

Standard  deviation 

Segment 

Wind 

BBH 

B|B 

Wave 

Date 

Tape 

tength. 

velocitv, 

staff 

0975) 

number 

min 

kn 

mm 

Hi 

19 

Hi 

1 

Jan.  29 

SSD06 

1 

32 

26 

1 ft 

— 

— 

— 

0.18 

0.035 

0.036 

0.100 

0.100 

Jan.  30 

SSD07 

32 

5 

1 ft 

0.167 

0.86 

0.20 

0.033 

0.032 

0.103 

0.105 

Mar.  26 

SSDOl 

16 

10 

2-ft 

0.019 

0.074 

swell 

Mar.  27 

SSO02 

24 

20 

2 ft 

0.043 

0.035 

0.161 

0.164 

Mar.  28 

SSD03 

16 

16 

2 ft 

0.082 

0.069 

0.045 

0.045 

0.161 

0.147 

swell 

Mar  .'31 

SSD04 

32 

20 

2ft 

0.065 

0.061 

0.084 

0.149 

Apr.  1 

SSD05 
— . 1 

24 



19 

2 ft 

0.037 

■0.045 



0.20 



0.05 
1 

0.06 



0.089 

0.129 

6.5.2. 1 Slope  Prohahility  Density  Functions  and  RMS  Values  — Sea-state  data  measurements  of  roll 
and  pitch  from  the  tapes  listed  in  table  6-4  were  used  to  generate  plots,  printouts,  and  data  file  copies 
of  the  joint  wave-slope  probability  density  functions.  As  derived  in  section  B.1.6  of  appendix  B, 
volume  IV,  removal  of  bias  was  effected  before  the  transformation  of  the  raw  roll  and  pitch  data  to 
slopes.  Also,  as  de.scribed  in  detail  in  the  above  appendix,  the  reference  coordinate  system  is  rotated 
so  that  the  positive  x-axis  points  in  the  direction  of  the  satellite. 

The  slope  distribution  parameters  derived  from  tapes  SSDOl  to  SSD07  are  summarized  in 
table  6-4. 

The  joint  probability  density  function  for  wave  slopes  taken  from  sea-state  data  tape  SSDOl  is 
illustrated  in  figure  6-36.  The  distribution  in  this  figure  is  quantized  to  10  levels  and  is  meant  only 
to  illustrate  the  geometric  configuration  of  the  distribution.  The  elongation  in  the  y-direction  is 
misleading;  due  to  the  nature  of  the  printout,  there  is  a 3:2  stretching  of  the  y-axis  relative  to  the 
x-axis.  The  figure,  however,  does  provide  a rough  indication  of  the  distribution  and  shows  no  over- 
riding irregularities  or  asymmetries. 

The  correlation  coefficients,  along  with  the  mean  values  (biases)  for  the  wave  slopes  and  the 
individual  standard  deviations,  are  listed  in  the  figure.  The  rms  wave  slopes  and  o^y  in  the  x- 
and  y-direction  have  the  numerical  values: 


Ojx  = 0.01909  and  a^y  = 0.02182. 


As  regards  the  standard  deviations,  one  can  note  that  a slope  value  of  0.02  corresponds  to  an 
angle  0 = 1.15° 
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rill'  m;ir>!in;il  »;l()pe  densttios  P|(xl  anJ  P|(yl  plotleJ  in  I'ipiiros  P-37  and  6-38  provide  a 
more  aeeurate  i|iiantilative  pieture  of  the  wave  statistics.  These  pdfs,  of  course,  are  calculated 
accord  I nj!  to 

I 


OO 


-OO 


with  a similar  relation  existinp  for  P|(y). 

The  Gaussian-like  behavior  of  these  functions  is  evident  and  there  is  little  difference  between 

them. 

The  data  from  tapeSSD04  gives  rise  to  the  geometric  configuration  of  figure  6-39.  One  can 
see  immediately  the  greater  spreading  due  to  the  rougher  seas. 

The  marginal  slope  densities  for  this  tape  (plotted  in  figs  6-40  and  6-41 ) also  indicate  greater 
spreading  ( notice  the  difference  in  horizontal  scale).  For  this  tape,  the  rms  slope  values  and  o^y 
in  the  X-  and  y-directions  have  the  numerical  values 


= 0.06546  and  o^y  = 0.05128 

Table  6-4  contains  a complete  summary  of  all  data  segments  processed,  including  the  rnis 
slope  values.  Note  that  an  “omnidirectional”  rms  slope  measure,  can  be  derived  from 


"slope  =^"sx  + "sy 

-^2  Osx  "sx  ^ "sy. 

The  parameter  represents  rms  variation  of  the  slope  normal  vector  projected  onto  a horizontal 

plane  without  regard  to  direction. 
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Figure  6-37.  Marginal  (X  Direction)  PDF  of  Wave-Slope  PDF  From  Tape  SSD01 
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F/ffure  6 39.  Geometric  Configuration  of  Wave-Slope  PDF  From  Tape  SSD01 


6.5  J.J  KcJiiciion  III  liiioy  Acceleration  Data  The  vertical  acceleration  of  the  buoy  can  be  used  to 
derive  the  spectrum  of  both  acceleration  and  wave-heittht  variations.  .-\s  discussed  in  section  6.5.1 , the 
ocean  surface  can  be  thouRht  of  in  terms  of  a superposition  of  propasatins  sinusoidal  waves,  each  with 
a velocity  determineil  by  the  dispersion  relationship  leq.  b-I^J).  This  relationshin  between  wavelenfith 
and  frequency  of  heipht  fluctuations  observed  at  a point  in  space  allows  the  acceleration  spectrum  to 
be  interpreted  in  terms  of  a distribution  of  wavelengths. 

Statistical  analysis  of  acceleration  yields  plots  such  as  those  of  figure  6-42  (March  25.  1975)  and 
figure  6-4.4  (.Marcli  31  1975).  Typical  power  spectra  for  acceleration  and  height  are  shown  in  figures 
(1-44  and  6-45.  fhe  height  spectra  were  obtained  by  weighting  the  acceleration  spectral  estimates  with 
l/f*.  Note  that  some  difficulty  can  be  e.xpected  in  attempting  to  e.xtract  the  mean  s<tuare  wave  height 
by  integrating  these  spectral  estimates.  To  do  so  successfully  would  re()uire  the  acceleration  spectra 
to  roll  off  toward  the  origin  at  low  frequencies  as  f^  or  better.  Recourse  to  a time-domain  approach 
involving  a double  integration  of  the  data  does  nothing  to  obviate  this  difficulty. 


6.S.J.J  Wave-Staf]  Data  Typical  probability  density  functions  generated  the  wave-staff  height 
records  for  tapes  SSDOl  and  SSD04,  which  are  illustrated  in  figures  6-46  and  6-47.  respectively.  The 
most  obvious  and  significant  feature  contained  in  the  ligures  is  the  increased  standard  deviation  of 
the  data  on  the  second  tape.  This  is  in  agreement  with  the  relative  fading  of  the  joint  wave-slope 
pdfs  depicted  earlier  and,  similarly,  rellects  a rougher  sea  condition  for  the  second  tape. 

The  dependence  of  each  staffs  rms  height  on  staff  location  within  the  wave-staff  geometry  is 
illustrated  in  figures  6-48  and  6-49.  In  figure  6-48  (tape  SSDOl).  the  standard  deviation  ranges  from 
8.419  cm  at  wave-staff  1 to  18.08  cm  at  wave-staff  7.  Clearly,  the  wide  range  of  data  on  the  second 
tape  implies  that  wave-staff  data  taken  during  rough  seas  may  have  icry  limited  value. 

Spectral  analysis  of  the  various  wave  staffs  produces  characteristics  such  as  those  shown  in 
figure  6-50.  When  combined  with  the  accelerometer  data,  as  shown  in  figures  6-5  1 and  6-52  for  two 
particular  days,  the  wave-staff  spectra  provide  an  extension  to  the  high-frequency  portion  of  the 
curve. 

6. 5. .4  Discussion  of  Kxperimental  Results 

The  sea-state  data  analysis  has  given  additional  weight  to  the  wave-slope  and  wave-height  models 
used  previously  in  aeronautical  channel  models.  The  experimentally  derived  slope  pdfs  are  shown  to 
have  the  general  form  of  a two-tlimension  Gaussian  distribution  with  very  nearly  circular  symmetry, 
i.e.,  ^ Oy  and  p =*  0.  This  allows  the  slope  distribution  used  in  multipath  models  to  be  approxi- 

mated with  a simple  single  parameter  form;  i.e.. 


(1-6.4 


Figure  6-42.  Acceleration  Probability  Density  — March  25,  1975 


Figure  6-43  Acceleration  Probability  Density  — March  31,  1975  (First  800  sec) 


Height  power  density 


Figure  6-47.  Wave-Staff  Probability  Densities  From  Tape  SSD04 


Figure  6-49.  Configuration  of  Wave-Staff  Standard  Deviation  for  Sea-State  Data,  Tape  SSD04 


Figure  6-50.  Wave-Staff  Power  Spectrum  Comparison 


Wave-Staff  and  Accelerometer  Height  Power  Spectra,  March  25,  1975 


P(S^.Sy)  = 


VS  a,  |-  (*X  j 


"slope  ='^s 


\V;ivc-helf;ht  spectra  obtained  from  the  buoy  accelerometer  and  wave  staffs  conform  with 
previous  theoretical  and  experimental  estimates.  Note  that  slope  distributions  are  obtained  by 
sensing  tilting  motion  of  the  buoy  and,  therefore,  include  only  the  effects  of  waves  with  frequencies 
on  the  order  of  I Hz  or  less.  In  effect,  the  buoy  acts  as  a l-Hz  filter  on  the  roll,  pitch,  and  accelera- 
tion processes. 

Hie  acceleration  spectrum  can  be  related  to  the  roll  and  pitch  (or,  equivalently,  slope)  spectra. 
It  can  be  shown  for  a superposition  of  gravity  waves  that 


s,(f)  + Sy(o  = s,(n 


where: 

Sv 


spectrum  for  x-slope 
spectrum  for  y-slope 
spectrum  for  vertical  acceleration 
gravitational  constant. 


riuis.  the  slope  spectrum  can  be  expected  to  have  the  same  kind  of  high-frequency  rolloff  as  that 
exhibited  by  the  acceleration.  From  an  integration  of  the  acceleration  spectrum  over  frequency  up  to 
a maximum  of  1^,  one  can  determine  the  slope  parameter  Oj.|yp^,.  which  applies  to  waves  having 
wavelength  less  than 


e = ~ — 

“ 27r  f^ 

“ o 


From  the  two  spectra  presented,  it  would  appear  that  the  main  contribution  to  the  derived  values  of 
wave-slope  standard  deviation  comes  from  waves  of  frequency  less  than  0.5  Hz;  i.e.,  b.2  m wavelength. 


It  was  suggested  in  section  6.5.1 .2  that  sea-state  parameters  should  he  available  from  observa- 
tions of  quantities  such  as  windspeed  and  rms  wave  height.  Table  6-5  indicates  the  values  of 
predicted  from  windspeed  using  equation  (6-22).  These  results  were  obtained  using  the  data  from 
table  6-4;  in  table  6-5  the  values  of  resulting  from  slope  measurements  are  shown  for  compari- 

son purposes.  Agreement  is  not  particularly  good,  possibly  because  of  the  several  hours  difference 


between  wind  and  slope  measurements.  Also  indicated  in  table  6-5  are  the  values  of  rms  height 
predicted  from  wind  velocity  using  equation  (6-2  1 ). 


TABLE  6-5.  COMPARISON  OF  MEASURED  AND  PREDICTED 
SL  OPE  PA  RAMETERS 


7 C ONUS  MULTIP  ATH  TLST  R I SUITS 


An  extensive  ilat;i  base  ol  CONUS  rorwaril-seatler  multipath  has  been  obtained.  1 his  collec- 
tion covers  a ranjte  ol'fira/ini:  angles  Ironi  22°  to  4X°  ami  a variety  of  terrain  electrical  characteristics 
(l  ikes  to  dry  snowi.  surface  roughness  ( Hat  pl.iins  to  mountainousi.  and  vegetation  coverage  (heavily 
forested  to  barreni.  In  addition,  sever;;!  .hours  of  ilata  pertaining  to  inultip;ith  reHections  during  the 
approach,  taxi,  and  takeoff  phases  at  large  airport  environments  was  obtained. 

Due  to  the  nonisotropic  nature  of  the  overland  scatter  surface,  the  analysis  and  modeling 
of  the  CONUS  multipath  channel  is  not  nearly  as  straightforward  as  it  is  for  the  oceanic  case  and 
almost  necessitates  that  each  return  signal  structure  be  treated  as  a separate  entity.  Such  a treatment 
is  beyond  the  scope  of  this  document;  nevertheless,  we  do  attempt  to  provide  representative  results 
that  illustrate  some  of  the  fundamental  scatter  signatures  associated  with  the  data.  For  example, 
multipath  returns  from  t.'ie  following  terrain  features  receive  specific  attention  in  the  remaining  sections 
of  this  document; 

\ egetat ion-covered  terrain 
Snow-covered  terrain 
l^ikes  ( frozen  and  liquid) 

Coastal  harhor'Iarge  city  areas 
Airport  landing  environments. 

The  data  base  for  the  CONUS  multipath  channel  characteri/ation  was  obtained  tfom  the 
September  Ul  and  October  30.  1474.  nights  over  the  eastern  United  States,  the  Februarx  IX  and  14. 
1475.  nights  over  central  Canada,  and  the  February  20.  I47S,  (light  over  eastern  Canada  and  the 
U.S.  Due  to  experimental  difficulties,  the  West  Coast  mountain  terrain  (light  of  November  2.  |4"’4, 
produced  little  valid  data  and  therefore  is  not  included  in  this  report  A small  section  ol  that 
data  has  been  published  in  an  earlier  interim  report. 

Pertinent  system  parameters  for  each  o(  the  (light  tests  are  listed  in  t.ibk’  ’-I . 

In  an  attempt  to  correlate  gross  terrain  features  with  the  results  given  in  this  section,  each 
flight  test’s  specular-point  trajectory  is  shown  superimposed  upon  global  navigation  and  planning 
charts.  These  trajectories  were  derived  through  use  of  the  KC-I35's  INS  latitude  and  longitude 
outputs  and  have  been  time  tagged  to  provide  cross-reference  between  the  geographic  area  and 
certain  data  sets  of  this  report.  The  specular-point  overlays  are  given  m figures  7-1  through  "'-S  and 
are  related  to  the  test  dates  as  follows 


7-1 


September  19,  1974  Tisiire  7-1 

October  30,  1974  Fii-urc  7-2 

February  18,  197  5 Fitture  7-3 

February  19,  1975 Figure  ’’-4 

February  20,  1975  Figure  7-5. 


In  general,  the  February  flights  provide  us  with  snow-covered  and  winter  lake  (both  lro/,en  and  liquid  I 
terrain  features,  whereas  the  September  and  October  series  gathered  data  Irom  heavily  vegetation- 
covered  terrain  (both  tlat  and  mountainous)  and  coastal  harbor  large  city  environments  (e.g..  New 
York).  Typically,  the  Hight  legs  running  in  the  north-south  direction  correspond  to  in-plane  llight 
velocity  vectors  and  the  east-west  directions  represent  cross-plane  velocity  legs. 


TABLE  7-1.  SYSTEM  PARAMETERS  FOR  SELECTED  CONUS  TESTS 


Parameter 

Measure 

Aircraft  groundspeed 

Approx  1 90  m /sec 

Aircraft  barometric  altitude 

Approx  31,000  ft 

Elevation  angle 

30°  to  40°,  Sep.  19,  1974 
40°  to  48°,  Oct.  30,  1974 
22°  to  27°,  Feb.  18,  1975 
27°  to  39°:  Feb.  19,  1975 
28°  to  37°;  Feb.  20,  1975 

Probing  rate 

1 

10-MHz  for  Sep.  19  and  Oct.  30,  1974,  and  the  airport 
environment  probes 

5 Ml-(z  for  en  route  portions,  Feb.  18,  19,  20,  1975 

Also  included  in  the  specular-point  trajectories  are  delimiters  that  indicate  the  local  terrain 
area  from  which  a delay-Doppler  scatter  function,  S(t,oj),  and  the  associated  integral.  Fourier,  and 
spread  parameters  were  obtained.  For  example,  refer  to  figure  7-I  which  presents  the  Spternber  1 9, 
I974.  Ilight  test  specular-point  overlay,  and  note  a descriptor  S(T.cj)jg  tagged  to  the  last  leg  of  the 
test  ( 1249  to  1 .100).  The  subscript  18  is  in  a similar  fashion  appended  to  all  parameters  that  we  derive 
Irom  S(T.w)|f(.  Hence,  the  subscripts  appearing  in  the  spread  parameter  and  other  results  presented 
later  m this  document  may  be  related  back  to  the  appropriate  specular-point  location  from  which 
they  were  produced. 

In  presenting  the  results  of  the  CONUS  multipath  probes,  we  begin  with  a fairly  general 
description  of  the  channel  and  proceed  toward  more  specific  parameters  by  reducing  the  order,  or 
degrees  of  freedom,  of  the  signal  structure.  Hence,  section  7.1  is  devoted  to  the  time-variant  nature 
of  the  multipath  channel  characteristics  and  serves  to  illustrate  the  nonisotropic  properties  of  over- 
land surface  scattering.  This  is  accomplished  through  use  of  the  delay-spectra  time  history  data 
reduction  output.  Section  7.2  presents  the  channel’s  S(r,co)  function,  which  for  a very  short  “snap- 
shot" time  segment  yields  a characteriruition  in  terms  of  the  delay  and  Doppler  variables  associated 


Direction  toward 
ATS-6  i 


Figure  7-1 . September  19,  1974,  Flight  path  Specular-Point  Trajectory 
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Direction  toward 
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Figure  7-3.  February  18,  1975,  Flightpath  Specular-Point  Trajectory 
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Figure  7-4.  February  19,  1975,  FHghtpath  Specular-Point  Trajectory 
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with  tho  multipath  sitmal.  In  turn.  Str.cjl  is  n-duccd  to  lower,  or  equivalent,  echelon  parameters 
through  integral  and  l ourier  operations  on  the  delay  and  Doppler  coordinates.  These  procedures 
yield  an  estimation  of  the  channel’s  joint  and  separate  time  and  frequency  autocorrelation  functions, 
delav  spectrum,  Doppler  spectrum,  and  total  rms  scatter  coefficient.  With  the  exception  of  the 
scatter  coefficients,  examples  pertaining  to  the  above  parameters  are  also  given  in  section  7.2. 

Although  the  rms  scatter  coefficient  measure  and  the  spread  parameter  measures  of  the  unidimensional 
channel  spectra  and  autocorrelation  functions  are  at  the  low  end  of  the  degree  of  signal  characteriza- 
tion, they  provide  us  with  some  of  the  most  useful  and  applicable  properties  of  the  multipath  phe- 
nomena. These  results  are  given  in  sections  7.3  through  7.7,  The  airport  landing,  taxi,  and  takeoff 
multipath  environment  results  are  treated  separately  from  the  en  route  CONUS  results  and  are 
presented  in  section  7,8. 

With  the  exception  of  the  airport  environment  tests,  the  CONUS  data  was  gathered  over  the 
simultaneous  vertical  and  horizontal  polarization  probes.  For  all  intervals  of  valid  data  collection 
(totaling  roughly  I 2 hr  of  test  time),  the  channel's  delay-spectra  time  history  has  been  determined 
for  each  of  the  polarization  states.  These  outputs  were  used  not  only  to  provide  an  overview  of  the 
channel’s  time-variant  characteristics  but  also  to  aid  in  the  selection  of  time  intervals  to  which  the 
detailed  SIt.ccI  spectral  analysis  was  applied.  When  possible,  at  least  one  time  interval  per  flight  test 
leg  (14  min  of  data  collection)  was  subjected  to  the  Sfr.wl  analysis;  usually  an  interval  producing  a 
very  active  or  strong  multipath  return  was  chosen. 


7.1  DFl  AY-SPFCTRA  TIME  HISTORY 


■^.1.1  Summary  of  Observations 

The  channel’s  delay-spectra  time  history.  0<t.r).  provides  a partial  illustration  of  the  time- 
variant  nature  of  the  CONUS  multipath  probes.  In  addition,  Q(t,T)  may  be  used  to  obtain  an  over- 
view of  the  magnitude  and  delay-spectra  characteristics  associated  with  generalized  terrain  characteris- 
tics over  which  the  specular-point  traverses.  For  this  reason  each  interval  of  valid  data  collection  has 
been  subjected  to  delay-spectra  time  history  analysis.  In  total  this  represents  approximately  12  hr  of 
experiment  time,  providing  an  extensive  data  base  from  which  one  may  ( 1 ) select  time  intervals 
of  interest  that  warrant  further  data  analysis  (e.g.,  S(t.cj))  and  (2)  delineate  the  more  obvious 
scatter  signatures  associated  with  a variety  of  CONUS  terrain  conditions.  The  remainder  of  this 
discussion  relates  to  item  2.  Although  somewhat  of  an  overgencralization,  we  have  segregated  the 
terrain  types  into  the  following  categories:  vegetation-covered,  snow-covered  plains,  snow-covered 
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mountains,  lar)to-si/i'  lakes,  coastal  harbors,  lartte  iniiustrial  cites,  anil  residential  areas.  The  salient 
(,)<t,Ti  features  of  each  categorv  are  discussed  below. 


r. 


I 


i'fKciaiioii-C  oycrcJ  Signal  amplitude  return  was  very  low,  most  likely  due  to  foilage 
absorption  of  the  electromagnetic  wave.  The  observable  signal  structure  was  relatively 
time  invariant,  except  for  intervals  when  the  specular  point  traversed  a small  area  of 
high  rellectivity  (e  g,  lake,  river,  road,  rock  outcropping).  By  comparison  these  intervals 
produced  high-energy  initap  signals  that  appear  as  spikes  superimposed  upon  the  low- 
level,  modestly  spread  background  return. 

Sn<)w-C'o\rrcJ  f'luins  Snow-covered  plains  produced  relatively  intense  low-spread  returns, 
with  a modest  amount  of  signal  stationarity.  The  defoliated  deciduous  trees  in  the 
“glistening  region"  usually  effectively  attenuated,  or  broadly  dispersed,  the  signal. 

Snuw-C'oi’creJ  Mounluin.'i  Returns  were  fairly  strong,  with  spreads  occasionally  somewhat 
eijuivalent  to  the  higher  grazing  angle  oceanic  data.  Possibly  due  to  the  large-scale  size  of 
the  scattering  elements,  the  delay  spectra  exhibited  a high  degree  of  granularity  and  non- 
stationarity. 

Ai/rgc  Lakes  ( l iquid):  In  their  liquid  state,  large  lakes  produced  Q(t.r)  arrays  with 
attributes  similar  to  the  oceanic  test  probes.  Namely,  the  signal  strength  was  very  large 
(roughly  equivalent  to  the  Fresnel  retlection  coefficient  magnitude)  and  the  surfaces 
produced  a broadly  dispersed  return.  These  characteristics  were  essentially  invariant  over 
the  duration  of  the  probes;  however  it  is  believed  that  wind  and  fetch  conditions  signifi- 
cantly inlluence  the  spread  properties  of  the  signal. 

Large  Lakes  f l-'ruzen):  A frozen  lake  presents  either  an  ice-  or  snow-covered  surface.  The 
snow-covered  large  lakes  had  signatures  similar  to  those  of  the  flat  snow-covered  terrain. 

In  general,  partially  frozen  lakes  (e.g.,  frozen  along  the  shoreline)  produced  larger  spreads 
than  lakes  totally  frozen  and  covered  by  snow.  This  is  thought  to  relate  to  a “rafting 
and  ridging”  phenomenon  that  accompanies  the  freezing,  thawing,  and  wind-generated 
wave  pressures  acting  upon  the  ice/water  interface  of  partially  frozen  lakes. 

Coastal  Harbors:  F'or  the  relatively  small  amount  of  coastal  harbor  data  gathered,  the 
Qlt.T)  function  revealed  characteristics  similar  to  those  of  the  oceanic  and  large-lake 
probes.  As  previously  stated,  this  implies  a high-energy,  broadly  dispersed  signal  that  is 
fairly  stable  except  for  the  shoreline  areas. 
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Industrial  Areas:  Delay-spectra  signatures  from  industrial  and  husiness  areas  typically 
exhibited  very  little  spreading,  with  the  bulk  of  the  returned  energy  being  contained 
within  0 1 or  0.2  /asec  of  the  specular-point  return.  A probable  explanation  for  this  is 
that  industrial  buildings  are  box  shaped,  in  general  with  Hat  roofs  and  sides  perpendicular 
to  the  level  ground.  .Such  conditions  allow  little  energy  to  be  returned  from  regions 
other  than  near  the  vicinity  of  the  specular-point  area. 

Residential  .•l/’cu.v  The  residential  areas  produced  multipath  signatures  distinctly  dif- 
ferent from  those  of  the  industrial  areas.  Typically,  the  residential  returns  did  not  have  an 
overwhelming  amount  of  energy  in  the  specular-point  tap  and  gave  the  appearance  of 
being  either  highly  attenuated  or  broadly  dispersed.  These  characteristics  are  somewhat 
similar  to  those  of  the  vegetation-covered  terrain  probes,  although  much  of  the  residential 
area  traversed  (i.e..  Brooklyn.  New  York  City)  did  not  have  a substantial  vegetation  cover. 
The  difference  between  the  industrial  and  residential  area  multipath  signatures  might  be 
related  to  roof  structures,  with  the  residential  buildings  generally  being  more  peaked  and 
thus  producing  a more  broadly  dispersed  return. 


’.1.2  hxample  Results 

I he  follow  ing  paragraphs  present  QU.t)  examples  that  illustrate  signal  structure  characteristics 
of  scatter  from  several  of  t he  categories  delineated  in  section  7.1.1. 


7. 1.2. 1 Coastal  Harbors! Large-City  Areas!  Vegetation-Covered  Terrain  — This  example,  taken  from 
a leg  of  the  September  tv,  '4,  multipath  test  (see  fig  7-1 ),  presents  Qtt.r)  characteristics  associated 
with  multipath  return  from  coastal  harbors,  large-city  areas,  and  vegetation-covered  terrain,  A 
detailed  specular-point  trajectory  for  this  particular  segment  is  presented  in  figure  7-6.  with  the 
corresponding  Qtt.r)  function  illustrated  in  figure  7-7(a)  through  fd).  It  is  noted  that  the  example 
delay-spectra  time  history  corresponds  to  traversal  of  Long  Island  Sound,  Long  Island,  Lower  New 
York  Bay.  and  a segment  of  northeastern  New  Jersey. 

The  boundaries  of  these  individual  terrain  characteristics  are  quite  explicit;  thus  ground  and 
delay-spectra  features  are  easily  compared  and  enable  us  to  isolate  return  from; 

1238:22  to  1 23*7:23 
1242:15  to  1244:00 
1239:23  to  1242:15 
1244:00  to  1245.56. 


Coastal  harbors  . . . . 

Ijrge-city  areas  . . . . 
Vegetation-covered  terrain 
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Figure  7 7 Example  of  CONUS  Delay  Spectra  Time  History 
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f igiirt-  has  been  iiino-sopnienteii  by  brackets  a through  h:  the  segmented  times  are  brietly 
discussed  below 

a.  ( haracteristic  Qtt.rt  signatures  of  probe  moving  from  business  areas  to  high-scatter 
areas  ( i.e.,  vegetation  or  rural  areas). 

b.  Probe  entering,  traversing,  and  leaving  Long  Island  Sound.  Note  the  increase  in  delay 
spread  and  signal  stationarity  as  the  probe-illuminating  area  is  predominantly  over  water. 

c.  Low  spreading  (almost  unitap),  characteristic  of  flat-top  building  reflections  (i.e., 
industrial  areas). 

d.  High  scatter  or  absorption  area;  low-level  delay  amplitudes  relatively  unchanged  from 
that  seen  for  building  scatter.  Typical  of  residential  areas.  Note  the  high  absorption  at 
d’;  possibly  traversing  a park  area. 

e.  Characteristics  similar  to  item  c;  probably  more  business  in  area. 

f.  Same  characteristics  as  item  c;  crossing  Lower  New  York  Bay. 

g.  Presents  characteristics  similar  to  items  e and  c;  therefore  appears  to  be  business  area. 

h.  Vegetation-covered  terrain;  high  absorption  during  interval  h'  of  figure  7-7(d)  is  typical 
of  dense  foliage.  High-amplitude  fluctuations  of  h"  are  related  to  the  pre.sence  of  small 
lakes,  rivers,  or  flat  open  areas. 


7. 1.2.2  Snow-Covered  Semimountainoiis  Terrain  — As  noted  in  section  7 ] | . snow-covered  terrain 
may  produce  Q(t,r)  features  with  a high  degree  of  signal  nonstationarity,  especially  if  the  terrain  is 
forested  (deciduous  or  nondeciduous)  or  mountainous.  A semimountainoiis  leg  associated  with  the 
flight  test  conducted  on  February  20.  197.S,  is  presented  as  an  example  of  this  terrain  type.  Pertinent 
system  parameters  are: 


Flight  direction: 
Airplane  speed: 
Airplane  altitude: 
Elevation  angle: 


In-plane  (toward  ATS-6) 
Approximately  190  m/sec 
Approximately  9..*i  km  (31,000  ft) 
Approximately  30° 


Using  a log  of  the  KC-l35’s  IN.S  latitude  and  longitude  outputs,  the  specular-point  trajectory 
for  this  leg  has  been  superimposed  upon  a terrain  profile  map  as  shown  in  figure  7-8.  The  channel 
delay-spectra  time  history  for  horizontally  polarized  signals  is  illustrated  in  figure  7-9(a)  through  (d). 
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(d)  2-nvn  Time  Interval  No  4 


Figure  7-9.  (Concluded) 


To  enhance  the  output  resolution,  the  mean  st)uare  energy  outputs  corresponding  to  only  a 40- 
tap  region  in  the  vicinity  ol'  the  most  active  return  have  been  plotted  (ratlier  than  all  112  taps). 

A cursory  analysis  of  the  data  reveals  the  presence  of  a variety  of  spectra  signatures  ranging 
from  higliH-nergy.  single-tap  to  relatively  low-energy,  multitap  occupancy.  We  also  observe  the 
occurrence  of  what  appears  to  be  a multimode  rellection  process  (e.g.,  I 208  30).  No  definitive 
correlations  of  these  phenomena  with  terrain  features  have  been  attempted  although  it  appears  that 
whenever  the  specular  (loint  traverses  a body  of  fresh  water  (probably  frozen  for  the  I'ebruary  series) 
such  as  a river,  the  return  has  a characteristic  high-energy  unitap  renection  coinponeni  in  its  delay- 
spectra  time  history . 

for  comparison,  the  vertical  polarization  counterpart  of  the  above  data  for  a 2-min  segment 
IS  presented  in  ligure  '’-W.  Note  that  the  vertical  and  horizontal  probes  occur  simultaneously.  Compar- 
ing the  horizontal  data  of  figure  ”'-4(d)  with  vertical  data  reveals  that  the  two  sets  vary  in  concert  with 
each  other  to  a relatively  high  degree. 

7 / 2 .#  I.driif  Luk.es  Due  to  fresh  water’s  relatively  high  reflection  coefficient  magnitude,  lake 
scatter  probably  represents  one  of  the  most  significant  CONUS  multipath  interferences.  As  stated 
earlier,  small  bodies  of  water  surrounded  by  vegetation-covered  or  mountainous  terrain  contribute  to 
the  nonstationarity  of  the  ( ONUS  signal  structure  and  appear  as  high-level  unitap  returns  superimpHised 
upon  broadly  spread,  low-level  spectra  from  the  surrounding  terrain.  In  general,  as  the  lake  dimensions 
increase,  the  background  scatter  diminishes  and  the  multipath  signature  eventually  becomes  unimodal 
when  the  area  o(  the  lake  encompasses  the  "glistening  region”  of  the  multipath  process. 

A portion  ol  the  february  I'C  I^TS,  multipath  test  was  down  in  the  north-south  direction 
over  the  (treat  l akes  (see  fig  '-4).  Sample  results  are  presented  lor  the  horizontally  polarized  probe’s 
traversal  ol  l ake  Michigan.  Inlormation*  obtained  from  the  Great  Lakes  tnvironrnental  Research 
1 aboratory  indicates  that  the  northern  20  miles  of  this  lake  was  frozen,  whereas  the  interior  lake 
region  was  in  the  li<tuid  state. 

I he  example  (^t.r)  probe  data  are  given  in  figures  7-1  1 . 7-1  2.  and  7-13.  figures  7-1  | and 
7-1  2 are  tiiiie-sei)uential  (^(t.r)  plots  corresponding  to  the  probe’s  lake  entry  and  first  1 2-mile 
traversal  ( i.e..  ice  covered).  The  third  figure  represents  return  from  the  inidlake  region  ( i.e.,  liquid 
slate). 


* A report  being  published  by  the  Great  Lakes  tnvironmental  Re.search  Liiboratory  will  contain 
this  and  other  information. 
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Figure  7-11.  Delay-Spectrum  Time  History.  Lake  Michigan  North  Shoreline,  February  19.  1975 


Descriptions  tlcline:iting  pertinent  terrain  aiui  signal  structure  characteristics  have  been 
ineluiied  wiiti  the  Qt  t.r)  plots.  1 hese  characteristics  are  discussed  below. 

a.  Prior  to  the  specular  point  entering  the  lake  (tig  7-1  I ),  we  observe  n signature  characteris- 
tic ol  lairly  Hat.  snow-covered  terrain.  Also,  as  the  specular  point  approaches  the  shore- 
line. the  tails  of  the  delay  spectrum  become  enhanced  by  the  arrival  of  I'ar-I'orward 
scatter  Irom  the  lake  surface.  I he  enhancement  moves  inward  toward  the  origin  of  the 
tlelay  spectrum  the  closer  the  probe  gets  to  the  lake  boundary. 

b.  f igure  7-|  2 covers  the  lirst  I 2 min  of  lake  traversal  and  illustrates  a delay  spectrum  that 
progressively  increases  in  spread.  This  is  attributed  to  an  increase  in  deformities  (rafting 
and  ridr.ing)  associated  witli  the  interior  regions  of  the  lake  ice. 

c.  I he  interior  segment  of  the  lake’s  Q(t.r)  distribution  (fig  ^-13)  is  highly  stationary,  with 
a relatively  large  dispersion.  These  attributes  are  similar  to  the  high-angle  oceanic  multi- 
path  signatures  ( lurther  discussion  relating  to  f ourier  operations  on  the  midlake  return  is 
given  in  the  next  section). 


7.2  ( OM'S  Dl.TAY-DOPPLTR  S(  ATTTR  TUNCTIONS  AND  ASSOClATtD  PARAMHTHRS 

I he  preceding  section  provided  a sample  overview  of  the  CONUS  channel  delay-spectra 
signatures.  As  one  would  expect,  when  a high  degree  of  nonstationarity  in  the  channel  delay  spectra 
IS  observed,  there  exists  a corresponding  degree  of  delay-Doppler  scatter  function.  Slr.a;),  nonstationar- 
ity. In  this  section  several  samples  are  presented  to  illustrate  the  variety  of  CONUS  scatter  functions 
observed. 

S(  T.u) ) represents  the  power  spectral  density  of  received  multipath  energy  having  delay  t 
and  Doppler  lre(|uency  shilt  u).  1 ypically.  we  ilerive  S(r, to)  over  a t-sec  time  interval.  In  many 
cases  the  surface  characteristics  being  probed  will  change  appreciably  over  this  time  interval;  thus  it 
should  not  be  assumed  that  Sir.cu)  represents  a complete  statistical  description  of  the  channel. 

I'.ach  ( ONUS  delay-Doppler  scatter  I unction  has  been  assigned  a subscript  number  cross- 
relereneing  it  to  the  specular-point  traiectories  shown  in  figures  7-1  through  7-5. 

In  the  lollowing  sample  |iresentation,  each  Sir.wl  distribution  is  accompanied  by  its  delay 
spectrum,  lre()ueiK\  .lutoeorrelation  lunction,  Doppler  spectrum,  and  time  autocorrelation  function 
for  seieral  ol  the  examples,  the  channel's  joint  time-freiiuency  autocorrelation  function  is  also 
presented  I or  clarity,  this  ilistribulion  is  plotted  Irom  two  alternate  points  of  view.  Relationships 
between  tlu  above  cliaimel  measures  and  the  .SIt.co)  funetion  are  given  in  section  4. 
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As  one  might  expect,  the  CONUS  scatter  medium  provides  an  ensemble  of  unique  S(t.cj) 
lunctions.  Although  it  may  represent  somewhat  of  an  oversimplification,  we  have  categorized  the 
signatures  according  to  the  following  list 

l ow  spreads 
Modest  spreads 
Asymmetrical  Doppler  spread 
Large  spreads 
Multimode  returns 
Brewster  angle  scatter. 

Samples  for  each  of  these  categories  are  furnished  in  figures  7-14  through  7-24.  These  data  arc- 
related  to  the  above  scatter  signatures  and  terrain  profile  characteristics  through  use  of  table  7-2;  a 
brief  discussion  pertaining  to  each  category  is  given  below. 


7.2.1  Low  Spreads  (figs. 7-14  and  7-15) 

When  the  scatter  medium  is  relatively  flat  over  the  entire  surface  responsible  for  returning 
energy  under  normal  to  precipitous  slope  conditions,  the  received  signal  structure  will  be  unimodal 
with  very  low  spreads  in  both  the  delay  and  Doppler  coordinates.  Such  conditions  were  observed  to 
occur  primarily  over  large  frozen  lakes  and  sections  of  the  central  plains  of  Canada.  The  example 
presented  corresponds  to  scatter  from  a frozen  lake  and  possesses  delay  and  Doppler  spectra  that 
decay  very  quickly.  Conversely,  the  joint  autocorrelation  function  and  its  axial  cuts  were  observed 
to  fall  off  slowly. 


7.2.2  Modest  Spreads  (fig.  7-16) 

A high  percentage  of  the  CONUS  returns  from  the  east  coast  flight  trajectories  yield  signatures 
that  fall  into  this  category.  The  example  of  figure  7-16  pertains  to  a cross-plane  flight  track  over  farm- 
land. Delay  and  Doppler  two-sided  3-dB  spread  values  of  0.3  /usee  and  70  Hz  are  associated  with  this 
signature.  These  spread  values  (see  sections  7.4  and  7.6)  are  fairly  typical  for  the  majority  of  the 
CONUS  test  results  but  are  much  smaller  than  typical  spreads  observed  for  oceanic  scatter.  The 
observed  CONUS  spreads  appear  to  be  representative  of  expectation  based  on  an  rms  slope  of 
roughly  3*’. 


7.2.3  Asymmetrical  Position  Scatter  (fig.  7-17) 

In  general,  inhomogeneities  in  the  electrical  and  slope  statistics  of  a reflecting  surface  will 
result  in  a scatter  intensity  that  does  not  exhibit  a highly  asymmetrical  distribution  about  the  specular- 


Figure  7- 15.  CONUS  Scatter  Channel  Parameters, 


Figure  7-16.  CONUS  Scatter  Channel  Parameters,  S(t,(jj)ai 


7-17.  CONUS  Scatter 


TABLE  7-2.  CONUS  Sfr.^^l  FUNCTION:  FIGURE  REFERENCE 


Categoi  v 

F igure 

Function 

Remarks 

Test 

date, 

mo-day  yr 

Cross-reference 
to  specular 
point  overlay 

Low  spreads 

7 14 

SlT.CJl^g 

Probe  traversing  a lake,  probably 
frozen 

2/20/76 

Fig.  7-5 

7 15 

R(i,S2l76 

Time-frequency  autocorrelation 
function  of  StT.cJlyg 

2/20/75 

Fig.  7-5 

Modest 

spreads 

7 16 

SIt.cjI^q 

Cross  plane  flight,  gently  roiling 
land 

10/30/74 

Fig.  7 2 

Asymmetrical 

scatter 

7-17 

SlTjCiJl^g 

Probe  traversing  lakeshore  line 

2/19/75 

Fig.  7-4 

Large 

7 18 

Probe  traversing  Lake  Michigan 

2/19/75 

Fig.  7-4 

spreads 

7 19 

StT.Wly^ 

Winter  mountainous  overland  probe 

2/20/75 

Fig.  7-5 

7 20 

R(U2)74 

Time-frequency  autocorrelation 
function  of  S(T,cu)y^ 

2/20/75 

Fig.  7-5 

Multimode 

scatter 

7-21 

S(t,cj1^3 

Lake  return  superimposed  upon 
foitage-covered  mountain  return 

10/30/75 

Fig.  7-2 

7 22 

SlT.tdg, 

Multimodal  return  producing 
double-peaked  Doppler  spectra 

2/18/75 

Fig.  7 3 

Brewster 
angle  scatter 

7-23 

Sir.wl^ 

Traversing  Lake  Winnipeg, 
horizontal  polarization 

2/19/75 

Fig.  7-4 

7 24 

S(T,OJ|^g 

Traversing  Lake  Winnipeg, 
vertical  polarization 

2/19/75 

Fig.  7 4 

point  return.  In  the  receiver’s  delay-Doppler  coordinate  system  tliese  asymmetries  manifest  themselves  i 

as  frequency  perturbation  and  consequently  have  the  potential  fo  produce  highly  irregular  Doppler 
spectra.  Illustrating  an  example  of  this  irregularity  is  the  data  presented  in  figure  7-17,  which  corres- 
ponds to  a winter  cross-plane  llight  with  the  probe  crossing  the  1-ake  Winnipeg  shoreline  boundary. 

The  negative  Doppler  returns  represent  scatter  from  the  west  side  of  the  specular  point  and  thereby 
correspond  to  lake  region  multipath,  whereas  the  positive  Doppler  returns,  which  are  highly  attenuated, 
correspond  to  scatter  from  the  shoreline  terrain.  Unlike  the  Str.ui)  and  Doppler  distributions,  the 
function  is  quite  symmetrical  for  this  example.  The  symmetry  of  is  relative  to  the 

time-separation  variable,  which  is  related  to  the  Doppler  frequency  via  the  Fourier  transform  integral. 

Since  Dtuil  in  figure  7-1  7 is  quite  symmetrical,  the  symmetry  of  Rt^.ni  is  in  accord  with  expectation.  ' 


7.2.4  l.arge  Spreads  ( figs.  7- lb  through  7-201 

Many  C(7NUS  terrain  features  produce  scatter  functions  having  a high  degree  of  dispersion 
in  both  the  delay  and  Doppler  coordinate  domain.  The  analyzed  data  generally  indicates  that  this 
condition  exists  when  the  probe  traverses  harbor  areas,  large  lakes,  and  snow-covered  mountainous 
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Figure  7- 19.  CONUS  Scatter  Channel  Parameters, 


lerr.iin.  l o illiistnitc  conditions  rcsultini:  in  larpc  spreads,  two  examples  are  presented:  one  taken  from 
the  l ake  .Miehijtan  probe  and  the  other  representint:  scatter  returns  from  snow-covered  mountainous 
terrain. 


The  Lake  Michigan  scatter  characteristics  are  given  in  figure  7-18  and  represent  data  gathered 
at  a gracing  angle  of  approximately  38°  with  an  in-plane  flight  direction  vector.  These  results  are  similar 
to  the  overocean  channel  measurements  for  high-angle  conditions  as  presented  in  section  5 and  corres- 
pono  to  one  of  the  most  broadly  spread  multipath  returns  that  have  been  observed  for  both  oceanic 
and  ( ONUS  data  sets. 

Informal  discussions  with  the  Great  Lakes  Environmental  Research  Laboratory  have  confirmed 
that  the  central  portion  of  Lake  Michigan  was  not  frozen  during  the  time  period  over  which  the  multi- 
path  probe  was  conducted.  Thus  it  is  of  interest  to  compare  the  results  of  figure  7-18  with  those 
corresponding  to  multipath  return  from  a large  frozen  lake.  Examples  of  frozen  lake  signatures  are 
used  in  subsequent  paragraphs  to  illustrate  the  Brewster  angle  effects  on  high-angle  CONUS  scatter. 
Drawing  from  this  source  one  may  refer  to  figure  7-23.  which  represents  multipath  characteristics 
from  the  February  19,  1975.  in-plane  flight  direction  probe  of  Lake  Winnipeg,  to  illustrate  a Str.w) 
function  considerably  less  spread  than  the  Lake  Michigan  data.  The  results  for  the  Lake  Winnipeg 
probe  are  probably  representative  of  frozen  lake  multipath  signatures;  one  would  expect  the  nonfrozen 
lake  conditions  to  be  strongly  dependent  upon  wind  and  fetch  conditions  and,  hence,  more  variable. 

For  cases  of  low  or  negligible  wind  velocities  and  for  certain  shoreline  regions,  spectra  similar  to  those 
of  the  ice-covered  lake  could  be  expected. 

StT.cci  and  distributions  for  the  snow-covered  mountain  scatter  are  presented  in 

figures  7-19  and  7-20.  respectively.  The  fiight  direction  was  in-plane  and  the  grazing  angle  was 
roughly  36°.  W ith  the  exception  of  the  perturbation  near  the  origin  of  the  distribution,  which  pro- 
duces a double  peak  in  the  delay  spectra,  the  data  for  this  set  is  to  a first  order  fairly  equivalent  to  the 
Icike  Michigan  scatter  function.  In  fact,  the  Doppler  distributions  are  quite  similar  in  shape,  with  the 
3-dB  spreads  being  within  approximately  1CX7  of  each  other.  In  comparison  with  the  results  for  the 
low-spread  case,  we  observe  that  Rtf.S^l  decays  very  rapidly  and  possesses  a significant  amount  of 
secondary  structure  in  its  distribution.  As  discussed  in  .section  5.2. 1 , a large  portion  of  this  structure 
can  he  attributed  to  the  combination  of  large  surface  slopes  coupled  with  the  in-plane  geometry 
flight  conditions. 


7.2.5  Multimode  Scatter  (figs.  7-21  and  7-22) 

A large  percentage  of  the  CONUS  scatter  returns  exhibit  some  multimodal  characteristics  in 
their  signatures.  These  properties  are  particularly  dramatic  when  a locally  flat  surface  with  high  con- 
ductivity is  ( 1 ) located  amongst  terrain  with  a heavy  vegetation  cover  or  (2)  is  surrounded  by  a 
mountainous  region. 
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Figure  7-22.  CONUS  Scatter  Channel  Parameters,  S(t,ui)qi 


I'wo  cxjnipk's  of  such  returns  are  shown  in  figures  7-21  and  7-22.  StT.cui^^  presented  in 
figure  '-21  corresponds  to  a specular-point  traiectory  that  traverses  a relatively  small  lake  located  in 
rather  mountainous  terrain  with  heavy  vegetation  cover.  We  note  the  high-density  tap  return  cor- 
responding to  return  from  the  lake  and  are  barely  able  to  discern  the  broadly  dispersed  background 
scatter  returned  from  the  surrounding  mountains.  The  mountain  return  is  much  more  visible  on  the 
delay-  and  Doppler-spectra  distributions,  where  it  takes  on  the  low-level  highly  spread  spectra  char- 
acteristics. It  is  of  interest  to  note  that  the  lake  return  is  delayed  by  roughly  0.5  /iset-’  from  the 
earliest  mountain  multipath.  With  respect  to  the  autocorrelation  function,  the  lake  and  mountainous 
returns  have  just  the  opposite  influence,  with  the  lake  multipath  resulting  in  a slowly  decaying  com- 
ponent and  the  mountain  scatter  providing  a component  tiiat  falls  off  rapidly. 

Scatter  function  S(r.w)(,|  given  in  figure  7-22  represents  snow-covered  terrain  multipath 

where  two  low-spread  scatter  processes  are  superimposed  upon  a broadly  spread  diffuse  return.  Since 

the  aircraft  was  Hying  toward  the  satellite,  one  may  postulate  that  the  more  delayed  low-spread  return 

corresponds  to  a locally  flat  surface  area  tilted  slightly  toward  the  satellite  direction  whereas  the 

least  delayed  unitap  process  arrives  from  a relatively  flat  nontilted  surface  area.  As  a result  of  the 

multimode  nature  of  the  scatter  surface,  the  Doppler  spectra  are  observed  to  possess  two  very  distinct 
*> 

spectral  peaks. “ 


7.2.6  Brewster  Angle  .Scatter  (figs.  "^-23  and  7-24) 

For  CONUS  scatter,  the  Brewster  angle  (i.e.,  that  angle  associated  with  the  minimum  vertical 
polariration  rellection  coefficient)  occurs  at  a much  higher  value  than  for  the  oceanic  case.  The  exact 
value  of  the  Brewster  angle  depends  on  tlie  relative  dielectric  constant  of  the  surface,  and  (as  shown  in 
fig  7-26)  It  may  occur  at  angles  as  high  as  43°  for  some  CONUS  conditions.  In  general,  the  lower  the 
content  of  liquid  water  in  the  retlecting  medium,  the  higher  the  Brewster  angle.  Thus  dry  land.  ice.  and 
snow  have  higher  Brewster  angles  than  moist  soil,  marsh,  and  lakes. 

For  systems  employing  circular  polarization,  the  Brewster  angle  is  of  particular  importance 
since  it  marks  the  grazing  angle  above  which  the  scattered  energy  undergoes  a sense  reversal;  at  angles 
less  than  this,  the  rellected  and  incident  waves  have  the  same  rotational  sense.  Consequently,  for 
many  low-gra/ing-angle  CONUS  conditions,  the  antenna  system’s  multipath  rejection  ratio  will  not  be 
enhanced  by  the  phenomenon  of  circular  polarization  sense  reversal. 


“Such  effects,  of  course,  will  significantly  perturb  the  spread  parameter  calculations  that  are  presented 
in  the  following  section  (e.g..  the  3-dB  Doppler  spread  for  this  case  is  relatively  small  whereas  the 
lO-dB  measure  is  ijuite  high). 
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Figure  7-24.  CONUS  Scatter  Channel  Parameters,  S(t,u)}^^ 


When  geometrical  conditions  exist  such  that  the  specular-point  grazing  angle  coincides  with  the 
surface’s  Brewster  angle,  the  scatter  function  signatures  for  the  vertical  and  horizontal  polarization 
probes  differ  appreciably.  We  illustrate  this  by  the  data  presented  in  figures  7-23  and  7-24,  which 
correspond  to  the  returns  gathered  over  the  simultaneous  horizontal  and  vertical  polarization  probes, 
respectively.  The  flight  took  place  over  Lake  Winnipeg  (frozen)  with  in-plane  geometry  conditions 
and  a specular-point  grazing  angle  of  26.9°,  which  is  roughly  equivalent  to  the  Brewster  angle  for  ice. 
On  comparing  the  two  Sir, a;)  functions,  one  readily  observes  the  relative  predominance  of  the 
specular-point  tap  for  the  horizontal  polarization  case;  for  the  vertical  polarization  distribution  the 
specular-point  tap  is  much  less  significant  and  is,  in  fact,  seen  to  contain  less  energy  than  the  tap 
adjacent  to  it.  Discussion  pertaining  to  this  polarization  effect,  referred  to  as  “Brewster  angle  fill-in." 
is  given  in  section  5.1.  Similar  to  the  oceanic  case,  this  phenomenon  results  in  the  vertical  polarization 
probe  having  significantly  larger  delay- and  Doppler-spectra  spreads  than  its  horizontal  polarization 
counterpart.  Conversely,  the  opposite  is  seen  for  the  time  and  frequency  autocorrelation  function 
spreads  included  in  figures  7-23  and  7-24. 


7.3  RMS  SCATTER  COEFFICIENTS 

file  multipath  signal’s  rms  scatter  coefficient  (F)  is  defined  as  the  ratio  of  total  received 
scattered  energy  to  the  energy  incident  upon  the  surface.  This  parameter  provides  a quantitative 
measure  of  the  total  scatter  intensity  and  is  obtained  for  both  the  horizontal  and  vertical  polarization 
probes  through  the  following  relationship: 


P _ <lll“> 
<|D|2> 


+ 


Gd/G,,  dB  , 


(7-1) 


where 

<ID|“>  = mean  square  direct-path  signal;  derived  from  the  quad-helix  antenna’s  direct  line-of- 

sight  component 

<ll|‘->  = mean  square  multipath  power  obtained  by  integrating  S(r,oj)  over  both  its  delay 

and  Doppler  variables 

= adjustment  factor  to  account  for  parameters  such  as  the  direct  and  indirect  signal 
transmission  ERP’s,  etc.  (see  section  5.2.6  for  details  of  this  factor). 

Figures  7-25  and  7-26  present  the  experimentally  derived  values  of  F for  horizontal  and 
vertical  polarization,  respectively.  These  data  are  given  as  a function  of  grazing  angle  and  are  accom- 
panied by  theoretical  Fresnel  “smooth  earth’’  reflection  coefficient  curves  and  a series  of  mid-angle 
results  corresponding  to  the  ATS-5  L-hand  experiment  (ref  7-1 ).  ATS-5  results  are  included  in  this 
presentation  since  they  include  a range  of  grazing  angles!  15°  to  20°)  for  which  data  could  not  be 
acquired  effectively  during  this  program  because  of  the  ATS-6  satellite  location.  As  indicated  in  the 
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ngures.  all  data  points  havo  bi‘t*n  tagged;  the  ATS-6  experimental  data  points  have  a subscript  number 
cross-referenced  to  the  locations  indicated  on  the  specular-point  overlays  of  figures  7-1  through  7-5. 

rhe  ,\TS-5  data  ensemble  has  been  segregated  into  winter  and  summer  test  conditions.  Summer 
data  was  obtained  from  the  southern  portion  of  .Maska  and  from  the  Yukon  and  Northwest  Territories 
of  Canada.  These  data  collection  stations  covered  terrain  profiles  ranging  from  Hat  marshland  to  very 
precipitous  mountains.  Typically,  the  lower  altitude  marshland  regions  correspond  to  modest  to  heavy 
vegetation  cover  and  the  mountainous  areas  provide  a barren  rock  or  glaciated  surface.  The  winter 
ATS-5  results  were  obtained  from  high-latitude  regions  in  northern  and  northeastern  Canada.  Terrain 
profiles  varying  Irom  Hat  to  mountainous  were  subtended  and  we  may  consider  the  areas  to  be  barren 
or  snow-covered,  with  little  or  no  vegetation. 

It  is  well  known  that  the  water  content  of  a scatter  surface  is  perhaps  the  most  significant 
single  parameter  inlluencing  the  magnitude  of  the  Fresnel  reflection  coefficient.  We  al.so  expect  the 
CONUS  llight  vector  to  traverse  surface  areas  thai  vary  markedly  in  their  water  content  properties. 

Thus  the  theoretical  reflection  coefficient  relationships  have  been  plotted  for  a variety  of  electrical 
characteristics:  see  table  "’-.1. 


TABLE  7 3.  REFERENCE  PERMITTIVITY  AND  CONDUCTIVITY 
VALUES  ASSUMED  FOR  VARIOUS  TERRAINS 


Relative 

Terrain 

permittivity 

Conductivity,  mho/m 

Sea  water 

81 

4.6 

Fresh  water 

81 

5 X 10  ^ 

1.1  X 10  ’ 

Marsh 

30 

Ice 

3.2 

2x  10^ 

Moderately  dry  soil 

2.5 

1 X lO'^ 

Wet  soil 

20 

1 X 10  ^ 

Wet  snow 

1.6 

5x  10  3 

Dry  snow 

1.15 

1 X 10"^ 

In  general,  the  data  points  of  figures  7-25  and  7-26  are  observed  to  be  fairly  well  bracketed  by 
the  T|j  and  I'y  relationships  corresponding  to  the  above  parameters.  Horizontal  T values  range 
from  a low  of  -I  8 dB  to  a high  of  +2  dB  whereas  the  vertical  coefficients  range  from  -24  to  -3  cIB.  On 
a total  point  basis,  it  appears  that  the  vertical  coefficients  are  more  biased  to  the  high  side  of  the 
theoretical  predictions  than  the  horizontal  coefficients.  This  is  especially  true  in  the  vicinity  of  the 
Brewster  angle  and  is  most  likely  attributed  to  the  concept  of  “Brewster  angle  fill-in”  (see  sec.  5.2.6) 
as  well  as  the  influence  of  depolarization,  which  is  a natural  phenomenon  affecting  multipath  com- 
ponents returned  from  locations  that  are  not  on  the  great  circle  path  joining  the  subaircraft  and 
subsatellite  points. 
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Wf  luivc  indmlod  only  ;i  siiKill  niimhcr  of  1'  values  corresponding  to  scatter  from  regions 
completely  covered  by  vegetation  since  these  returns  are  attenuated  to  a level  that  usually  transcends 
the  precision  of  the  system  capabilities  and  are  therefore  of  lesser  interest  for  the  design  of  an  opera- 
tional CONUS  system.  The  r value  data  points  with  subscript  numbers  ■’ and  1 ( for  the  horizontal 
and  vertical  rellection  coeftlcient  data,  respectively)  are  two  examples  illustrating  the  influence  of 
heavy  vegetation  cover  on  the  intensity  of  the  returned  multipath  signal.  These  scatter  coefficients 
were  measured  for  the  September  1^)74  Hight  test  probe  over  the  east  coast  of  the  United  States  (see 
fig  7-6),  and  were  observed  to  be  roughly  1 2 dB  below  the  values  one  might  expect  for  typical  under- 
lying soil  conditions  (slightly  moist  soil).  On  many  other  occasions  for  the  September  19  and  October 
30  nights,  the  delay-spectra  time  history  information  indicates  T values  substantially  below  those 
associated  with  the  above  two  examples.  In  general,  the  data  included  in  this  section  for  the  non- 
snow-covered terrain  relates  to  time  segments  during  twhich  the  Q(t,.j.)  plots  indicate  the  presence  of 
a significant  amount  of  returned  energy.  With  the  use  of  detailed  map  overlays,  these  conditions  may 
almost  always  be  correlated  with  times  when  the  specular  point  traverses  nonforested  regions  such  as 
small  bodies  of  water,  highways,  manmade  structures,  or  rock  outcroppings. 


7.4  DELAY  SPRHADS 

Using  the  delay  spread  definitions  of  figure  5-18,  the  3-  and  10-dB  C'ONUSdelay  spread  values 
have  been  determined  for  a variety  of  terrain  profiles  and  are  presented  in  figures  7-27  and  7-28.  The 
data,  which  have  been  segregated  into  winter  and  fall  conditions,  are  given  for  both  horizontal  and 
vertical  prober  polarizations  and  provide  a measure  of  the  time-delay  dispersion  characteristics  of  the 
multipath  process.  As  a general  observation,  we  note  that  the  3-<IB  spread  values  range  from  a low  of 
approximately  0.1  jisec  to  a high  of  1 .2  ysec  whereas  the  lO-ilB  measures  range  between  0.1  and  3.0 
/asec.  In  general,  all  data  sets  exhibit  very  little  dependence  upon  grazing  angle,  which  is  in  accord  with 
model  predictions  for  a Gaussian  surface  (see  sec  6.4).  The  data  ensembles  exhibit  a rather  large 
variance,  most  likely  due  to  the  gross  inhomogeneities  of  the  (’ONUS  surface,  which  tends  to  mask 
any  small  grazing  angle  dependence  that  might  be  present. 

In  comparing  the  fall  and  winter  delay  spreads,  we  detect  a slight  tendency  for  the  winter 
results  to  exceed  those  of  the  fall  series.  This  could  be  directly  related  to  the  terrain  over  which  the 
respective  Hight  tests  were  conducted  but  is  thought  to  more  likely  rellect  the  manner  in  which  the 
fall  series  data  analysis  intervals  were  chosen.  As  previously  stated,  most  of  the  fall  Hight  tests  were 
Hown  over  terrain  with  heavy  vegetation  cover,  which  highly  attenuated  the  multipath  signal.  Very 
few  of  these  weak  returns  were  analyzed;  preference  was  given  to  intervals  during  which  the  specular 
point  traversed  a vegetation-free  region.  Typically,  these  regions  are  relatively  small  and  Hat  (e.g., 
small  lakes,  roads,  building  tops,  etc.)  and  thereby  produce  multipath  returns  that  are  subject  to  fairly 
small  dispersions  in  both  the  delay  and  Doppler  signal  coordinates.  On  the  other  hand  the  winter  Hight 
tests  pertain  to  scatter  off  snow-covered  terrain  or  large  lakes  ( Lake  Superior.  Lake  Michigan)  and  thus 
have  potential  for  relatively  extensive  delay  and  Doppler  spreads. 


7-47 


7-48 


Figure  7-27.  CONUS  Scatter  Delay  Spread,  3-dB  Value 


Finally,  wc  note  that  the  winter  spread  values  are  typically  lower  than  the  oceanic  spread 
results.  This  is  to  be  expected  since  the  winter  tests,  lor  the  most  part,  were  llown  over  the  relatively 
Hat  or  gently  rolling  plains  of  central  Canada. 


^.5  FRFQUFNCY  COUFRFNCF  BANDWIDTHS 

The  frequency  coherence  bandwidth  of  the  overland  reflected  signal  is  in  essence  a measure  of 
the  channel’s  frequency  autocorrelation  function  spread.  We  therefore  expect  it  to  be  somewhat  pro- 
portional to  the  inverse  of  the  delay  spread  measures  and  interpret  it  to  represent  the  upper  frequency 
limit  to  which  two  transmitted  carriers  may  be  separated  yet  still  meet  a specified  degree  of  correlation 
(e.g..  0.5 ) at  the  receiver.  In  a manner  similar  to  that  used  for  the  oceanic  data  presentation,  we 
restrict  our  attention  entirely  to  the  multipath  signal  and  do  not  consider  the  influence  of  the  direct 
line-of-sight  component  on  the  frequency  coherence  bandwidth. 

Experimental  results  for  both  horizontal  and  vertical  polarization  are  given  in  figure  7-29,  We 
have  segregated  the  measurements  into  fall  and  winter  flight  test  categories  and  note  immediately  the 
high  degree  of  dispersion  that  exists  in  each  data  ensemble.  This  follows  directly  from  a similar  delay 
spread  observation  and  most  certainly  relates  to  the  wide  variety  of  terrain  characteristics  in  the 
( ONUS  environment.  Comparing  the  delay  spread  results  with  the  coherence  bandwidth  measurements 
confirms  the  general  "inverse  proportional”  relationship  that  exists  between  the  two  measures.  Since 
the  overland  scatter  process  is  on  occasion  multimodal,  the  relationship  should  not  be  expected  for 
each  and  every  data  point  of  the  ensemble. 

Considering  all  CONUS  test  conditions,  the  range  of  3-dB  coherence  bandwidth  measures 
varies  from  a low  of  roughly  150  kHz  to  a high  of  several  MHz  (note  that  the  resolution  capabilities  of 
the  prober  chip  width  duration  establish  an  upper  limit  to  which  coherence  bandwidth  may  be 
measured).  For  the  fall  test  series,  a median  3-dB  coherence  bandwidth  measure  of  roughly  750  kHz 
is  observed,  whereas  the  winter  results  produce  a somewhat  smaller  median  value  of  approximately 
600  kHz.  As  discussed  in  section  7.4,  these  findings  arc  thought  to  be  indicative  of  the  terrain  over 
which  the  winter  flights  were  conducted  as  well  as  the  criteria  used  to  select  time  intervals  for  the  fall 
data  analysis. 

It  is  of  interest  to  note  that  when  compared  with  the  fall  results,  the  winter  test  series  has  a 
much  larger  percentage  of  its  data  points  with  3-dB  coherence  bandwidth  values  in  excess  of  2 MHz. 
However,  both  series  produce  roughly  the  same  percentage  of  data  points  in  the  vicinity  of  the  lower 
limit  to  the  delay  spread  measures.  This  most  likely  results  because  the  winter  data  with  low  delay 
spreads  probably  corresponds  to  scatter  from  a fairly  smooth  surface  that  is  somewhat  extensive  and 
homogeneous.  These  conditions  are  known  to  produce  delay  spectra  that  decay  rapidly  and  have 
essentially  no  energy  in  their  distribution  tails;  these  attributes  in  turn  imply  a frequency  autocor- 
relation function  that  decays  slowly  and  possesses  a very  large  spread  measure.  On  the  other  hand. 


7-50 


Vertical  polarization 


Grazing  angle  (fall  flights),  deg  Grazing  angle  (winter  flights),  deg 


the  fall  Jata  with  Uiw  Jolay  spreads  were  taken  at  time  intervals  during  which  the  specular  point 
traversed  a small  reeion  of  relatively  high  conductivity  (e  g.,  rivers,  roails,  etc.)  typically  surrounded 
by  foliage-covered  terrain.  Phis  condition  produces  delay  spectra  with  a high-energy  unitap  com- 
ponent superimposed  upon  a relatively  low-energy  highly  spread  distribution.  The  latter  component 
IS  a result  of  scatter  from  the  foliage  or  underlying  terrain  that  encompasses  the  area  ol  high 
retlectivity  and  will  produce  an  increase  in  the  decay  ol  the  channel’s  Ireciuency  autocorrelation 
function. 


7.6  DOPPI  TR  SPRl  ADS 

The  Doppler  spread  attributes  of  the  CONUS  vertically  and  horizontally  polarized  multipath 
probe  signals  are  given  as  a function  of  grazing  angle  in  figures  7-30  through  7-33.  Results  are  segregated 
according  to  llight  test  series  (fall  and  winter),  aircraft  velocity  direction  (in-plane  and  cross-plane), 
and  spread  measures  (3  and  10  dB).  Delimiters  have  been  attached  to  each  data  point  to  provide  a 
cross-reference  with  the  specular-pomt  trajectories  presented  in  figures  7-1  through  7-5.  The  spread 
measures  refer  to  the  two-sided  Doppler  dispersion  as  illustrated  in  figure  5-18. 

With  the  exception  of  data  points  50,  56,  59.  60.  and  74.  which  represent  data  collection  over 
Lake  Michigan.  Lake  Superior,  and  the  Adieundacy  Mountains  northeast  of  Montreal,  the  majority  of 
the  Doppler  spreads  apfiear  to  have  3-dB  spreads  that  lie  between  20  and  I 25  llz  and  take  on  a typical 
value  of  approximately  60  Hz.  The  CONUS  spectral  analysis  procedures  (data-smoothing  windows,  etc.) 
set  a lower  limit  of  roughly  20  Hz  on  the  freriuency  spread  measures.  Hence  several  of  the  low-value 
data  points  are  expected  to  have  spread  values  somewhat  less  than  indicated.  We  note  that  the  3-dB 
values,  with  the  exception  of  the  above  mentioned  points,  do  not  exhibit  a strong  dependence  upon 
grazing  angle.  Hight  direction,  polarization,  or  test  series. 

The  IOhIB  spread  measures  are  observed  to  vary  over  a wide  range  of  values,  with  the  majority 
of  the  points  falling  between  a low  of  40  Hz  and  a high  ol  500  Hz.  We  are  able  to  discern  a slight 
tendency  for  the  spread  values  to  increase  with  an  increase  in  grazing  angle.  Although  this  relationship 
is  in  accord  with  theory . it  is  believed  to  be  more  indicative  of  the  terrain  type  differences  over  which 
the  high-  and  low-angle  llights  were  conducted  (i.e.,  the  low-angle  flights  were  typically  flown  over 
gently  rolling,  snow-covered  plains  whereas  several  of  the  higher  angle  conditions  occurred  over  large 
bodies  of  water  and  east  coast  mountainous  terrain).  Further  discussions  relating  to  the  inlluence  of 
grazing  angle  and  rms  slope  upon  the  Doppler  spreads  are  given  at  the  end  ol  this  section. 

In  comparing  the  CONUS  Doppler  spread  measures  with  those  of  the  oceanic  test,  we  are  able 
to  discern  both  differences  and  similarities  between  the  two  data  sets.  The  most  obvious  area  of 
departure  between  the  data  ensembles  is  the  propensity  toward  very  low  spread  values  for  the  CONUS 
results.  This  is  especially  true  for  the  3-dB  measure,  where  most  of  the  CONUS  results  fall  below  the 
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Figure  7-32.  Ten-dB  CONUS  Scatter  Doppler  Spread,  Fall  Flights 
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CONUS  Scatter  Doppler  Spread,  Winter  Flights 
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100-11/  vjIui's.  >!i‘iuT.ill\  till.’  opposite  IS  olsserveii  lor  tils'  hiirh-antile  (c  t:  , >20°  ) oceanic  coiulitions. 
Because  tlie  aircralt  \elocitv  mairnitiiiles  tor  the  two  tests  were  roujrtiK  ei]uivalent.  one  concludes  that 
the  oci'anic  test  couilitions  Generally  encountered  surlaces  whose  slope  i haracteristics  were  more  pre- 
cipitous than  those  lor  the  (OM'S  prohes.  I his  comparison  is  heheved  to  he  valid  Tor  the  winter 
IliSthts  which,  as  previously  stated,  were  conducted  mainly  over  jtenlly  rolhnii  terrain  On  the  other 
hand,  the  criteria  used  lor  selectmu  the  data  intervals  to  he  analyzed  lor  the  fall  CONl'S  tests  most 
likely  caused  an  overemphasis  of  low-spreail  sij!nal  analyses. 

.\s  compared  w ith  the  3-dB  spread  results,  we  note  that  the  lO-dB  TONI'S  spreads  appear  to 
he  in  closer  accord  with  the  hi.eh-anple  oceanic  data.  1 his  is  especially  true  for  the  fall  [lights  and  may 
he  due  ill  part  to  the  inlluence  of  vegetation  scatter  on  the  tails  of  the  Doppler  distribution  (see  section 
.5  for  a similar  discussion)  or  to  the  fact  that  the  overland  slope  distribution  is  more  closely  fit  to  an 
exponential  relationship  as  opposed  to  the  well-verified  Gaussian  slope  pdf  for  oceanic  surfaces. 

Spreads  associated  with  TONI'S  specular-point  trajectories  subtending  large  lakes  and  winter  mountain- 
ous regions  are  well  correlated  with  the  observed  high-angle  oceanic  results.  In  particular,  the  previously 
delineated  points  corresponding  to  Hights  over  l,ake  Superior  (50  and  (lO).  Lake  Michigan  (56  and  59). 
and  the  Adieudacy  mountains  ('4)  provide  typical  .5-  and  10-dB  spread  values  of  200  and  450  Hz, 
respectively.  These  values  may  be  compared  with  typical  high-angle  («3I°)  oceanic  3-  and  10-dB 
spreads  of  I "’0  and  300  Hz.  The  small  difference  between  the  grazing  angles  associated  with  the  test 
conditions  should  not  imliicc  a significant  perturbation  to  the  above  comparison  (roughly  I 5'^  bias  in 
favor  of  the  TONI'S  results) 

To  relate  the  spread  measures  to  theoretical  expectation,  one  may  use  the  steepest  descent 
predictions  given  m section  5.3.3;  i.e., 


Ba  tan  dy 
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Doppler  spread  measure 
nils  siirtace  slope 
cross-plane  velocity  component 
Ill-plane  velocity  component 
grazing  angle  at  specular  point 


This  relationship  is  valid  if  (I  I the  elevation  angle  is  greater  than  the  surface  rnis  slope  and 
(2)  the  surface  is  very  rough  (electrornagnetically)  and  has  a Ciatissian  slope  rlistribution  that  is  isotropic 
over  the  total  effective  scatter  region.  Lor  TONUS  applications,  the  latter  restrictions  on  the  surface’s 
slope  distribution  are  not  in  general  expected  to  be  met;  thus,  the  above  steepest  descent  Doppler 
spread  relationship  must  be  considered  to  be  a crude  estimate.  However,  it  seems  reasonable  to  expect 
that,  for  the  range  of  grazing  angles  probed,  the  sin  7 and  velocity  direction  dependencies  of  B are 
relatively  insignificant  as  compared  to  the  variation  in  the  surface  nils  slope  parameter.  As  a first-order 
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approach  one  mipht  also  use  tlie  above  relationship  for  B to  extend  the  data  observation  base  to 
alternate  jtra/ang  anple  and  velocity  magnitude  conditions. 


" DhCORRH..\TION  TIMES 

In  this  section  the  CONUS  3-dB  decorrelation  times  are  given  as  a function  of  grazing  angle  for 
both  the  horizontal  and  vertical  polarization  probes.  The  data  sets,  segregated  according  to  test  series 
(fall  and  winter)  and  aircraft  heading  (in-plane  and  cross-plane),  are  presented  in  figures  7-34  and  7-35. 
The  decorrelation  time  parameter  represents  the  upper  time  limit  separation  to  which  two  identical 
frequency  l.-band  carriers  may  be  spaced  yet  still  meet  a specified  degree  of  coherency  (0.5)  at  the 
receiver.  The  decorrelation  time  is  obtained  from  the  channel’s  time  autocorrelation  function  and,  to 
good  approximation,  is  inversely  proportional  to  the  Doppler  spread  measure. 

.•\s  shown  in  figure;  7-34  and  '^-35.  decorrelation  times  of  the  CONUS  multipath  signal  are 
spread  over  a wide  range  of  values.  The  trend  of  the  data  does  not  indicate  a pronounced  grazing 
angle,  polarization,  tlight  direction,  or  llight  series  dependence.  For  all  but  one  data  point,  the  decor- 
relation measures  lie  between  values  of  I and  10  msec,  and  we  may  ascribe  an  average  value  of  roughly 
4 msec  to  the  total  ensemble.  Comparing  the  data  values  of  this  section  to  the  Doppler  spreads  of  the 
previous  section  provides  a general  confirmation  of  the  predicted  inverse  dependence  relationship 
between  the  two  channel  measures.  As  a first-order  approximation,  the  inverse  of  the  Doppler  spread 
relationship  found  in  section  7.6  may  be  used  to  extend  the  decorrelation  time  measures  to  alternate 
velocity  and  grazing  angle  conditions.  We  note  that  the  Like  Michigan.  Lake  Superior,  and  Adieundacy 
mountainous  terrain  conditions  (i.e.,  points  50,  60.  56,  5^).  and  74  for  the  winter  series)  produce 
decorrelation  time  values  on  the  order  of  2 msec,  which  in  turn  is  representative  of  the  high-angle 
oceanic  data  set  measures. 


7 8 AIRPORT  MULTIPATH  ENVIRONMENTS 

Multipath  airport  environment  data  were  gathered  on  the  approach,  landing,  and  taxi  phases  at 
three  airports:  O’Mare  International  (Chicago).  JEK  International  (New  York),  and  N.\FEC,  located 
northwest  of  Atlantic  (’ity.  New  Jersey.  All  probes  were  conducted  with  a 10-Mllz  chip  rate  and  used 
a single  low -gain  crossed-slot  antenna  located  close  to  the  top  centerline  of  the  airplane.  This  antenna 
possessed  nominal  EMC  polarization  characteristics  and  thus  provided  an  enhanced  muh'path  return 
at  the  expense  of  a direct  signal  polarization  mismatch  relative  to  the  RlIC  polarized  ATS-6  uplink. 
For  all  three  airports  the  elevation  angle  to  A1 S-6  was  approximately  3*)“. 
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Figure  7-35.  CONUS  Scatter  Decorrelation  Time,  Winter  Flights 
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With  the  uirphinc  on  tlic  ground  ;md  conducting  typical  taxi  inaneuvcrs.  the  returned  signal 
structure  possessed  the  following  attributes. 

a.  Significant  amplitude  nuctimtions  were  observed  on  the  received  direct  tap^  signal  of  the 
crossed-slot  operational  antenna.  This  may  be  attributed  to  a number  of  factors,  such  as 
building  shielding  of  the  direct  line-of-sight  signal,  antenna  pattern  variation  as  a function 
of  aircraft  orientation,  and  interference  (both  constructive  and  destructive)  due  to  multi- 
path  arrivals  falling  within  the  direct  tap  hank. 

b.  Very  little  multipath  energy  was  returned  with  delays  greater  than  0.2  /asec  relative  to  the 
direct  signal  arrival.  The  level  of  multipath  energy  with  delays  greater  than  0.2  jusec  was 
at  least  20  dB  below  the  direct-path  signal. 

These  observations  are  illustrated  with  the  sample  results  taken  from  the  February  19.  1976, 
O’Hare  airport  test  sequence.  Presented  in  figure  7-36  is  a time  log  of  the  airplane  location  superimposed 
on  a runway  building  structure  descriptor  of  O’Hare;  also  included  is  an  arrow  indicating  the  direction 
toward  ATS-6.  The  delay-spectra  time  history  presented  in  figure  7-37  demonstrates  the  variations  in 
the  direct  tap  signal  amplitude  when  using  the  crossed-slot  antenna  during  the  time  interval  I 204  to 
I 207:30.  The  direct  signal  is  located  midway  between  taps  22  and  23  of  the  bank  and  corresponds  to 
the  plateau-like  signal  in  the  display.  Through  analysis  of  the  corresponding  numerical  output,  the 
direct  signal  is  observed  to  have  peak-to-trough  variations  in  excess  of  5.2  dB.  More  detailed  plots 
illustrating  the  delay  spectra  of  the  total  (direct  plus  multipath)  signal  from  the  crossed-slot  antenna 
are  given  in  figures  7-38  and  7-39.  These  data  correspond  to  2-sec  sample  spaces  centered  about  exper- 
iment times  I 205 : 1 7 and  I 206:24,  respectively,  and  are  representative  of  the  typical  delay-spectra 
signatures  obtained  for  the  taxi  scenorios.  They  have  been  subjected  to  a first-order  noise-removal 
process  wherein  noise  is  determined  from  delay  spectra  of  a multipath-free  region  of  the  tap  bank  and 
then  subtracted  from  all  taps.  Results  generally  indicate  that  the  bulk  of  the  delay  returns  arrive  no 
later  than  0.1  or  0.2  psec  after  the  direct  signal. 


7.8.2  Approach  and  Linding  Maneuvers 

Due  to  fairly  rapid  airplane  altitude  and  attitude  changes,  the  multipath  characteristics  in  the 
landing  and  approach  phases  of  an  airport  environment  are  somewhat  different  from  those  associated 


■'with  the  aircraft  on  the  ground,  the  lO-Mllz  chip  rate  (the  highest  available  with  the  SACP  equipment) 
resolution  is  insufficient  to  completely  discriminate  against  terrain  and  building  scatter  returns  falling 
into  the  direct-path  taps. 
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Figure  7-36.  Pitot  s Log  of  Landing  and  Taxiing  at  0 'Hare.  February  19.  1975 
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Figure  7-39.  O 'Hare  Delay  Spectra  (1206:24  GMT) 
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with  en  rouli’  CONUS  conditions.  Prior  to  or  durinj!  its  final  descent,  the  airplane  may  perlorm  one 
or  more  rather  steep  hanking  maneuvers.  Perhaps  the  most  significant  impact  o(  these  attitude  changes 
relates  to  the  potentially  large  antenna  gain  that  may  be  directed  toward  the  effective  multipath 
"glistening  region"  tiuring  hanking  maneuvers.  An  example  illustrating  such  an  occurrence  is  given  in 
figure  ’-40.  where  a delay-spectra  time  history  for  a 2-min  Hight  segment  in  the  vicinity  of  the  NAFKC 
f'A.A  airport  is  illustrated.  The  airplane  was  at  an  altitude  of  approximately  580  m.  which  allowed 
both  the  dirs  t-path  signal  (the  two  high-level  laps  near  the  origin)  and  the  multipath  return  to  be 
capturea  within  a common  tap  bank.  At  1424:30  the  airplane  began  a banking  maneuver  (toward  the 
satellite);  we  note  a perceptible  increase  in  the  multipath  return,  which  is  accompanied  by  a corres- 
ponding decrease  in  the  direct  signal  component.  It  is  of  interest  to  note  that  the  direct  signal  decreases 
not  because  of  a decrease  in  antenna  gain  but  because  of  an  increase  in  the  polarization  mismatch 
between  the  satellite  polarization  vector  and  that  of  the  aircraft  antenna  (becomes  maximum  for  look 
angles  directly  above  the  airplane).  Although  the  antenna  and  the  mode  in  which  it  was  used  for  this 
probe  (with  its  circular  polarization  sense  reversed  on  the  direct  path)  is  not  representative  of  an 
operational  system  application,  it  does  provide  a vivid  example  of  the  banking  effects  upon  a receiving 
system  signal-to-multipath  interference  (S/I)  ratio.  Specifically  we  note  that  ( I ) prior  to  the  banking 
maneuver  at  1424;  14.  the  S'l  measure  is  on  the  order  of  22  dB.  (2)  in  the  middle  ol  the  bank  at  1424  4 
S I drops  to  a low  of  1 .2  dB.  and  (3)  at  the  end  of  the  test  segment  S/1  again  exceetls  20  dB. 

During  the  airplane's  final  descent  mode,  the  multipath  signal  is  subjected  to  rapid  changes  in 
Its  differential'*  delay,  a large  differential'*  Doppler  shift,  and  significant  changes  in  its  delay-spectra 
energy  distribution.  An  illustration  of  the  delay  coordinate  effects  is  given  in  figure  7-41 , where  a 
2-min  delay-spectra  time  history  segment  is  shown  for  the  JFK  airport  approach  phase.  The  airplane’s 
descent  rate  is  on  the  order  of  0.3  km/min.  and  at  the  end  of  the  interval  the  airplane  is  at  an  altitude 
of  approximately  0.7  km  with  2 min  and  20  sec  remaining  until  touchdown.  Runway  31  R was  used  for 
the  landing;  this  provides  an  aircraft-to-satellite  azimuth  angle  of  approximately  90°.  As  for  the  bank- 
ing maneuver  case,  both  the  antenna’s  direct  and  multipath  signal  components  are  captured  within  a 
common  delay  tap  hank.  The  multipath  is  on  the  order  of  20  to  30  dB  below  the  level  of  the  direct 
signal  strength  and  is  barely  visible  above  the  noise  lloor  of  the  receiver.  We  do  note,  however,  that  as 
the  aircraft  altitude  decreases  the  multipath  process  moves  in  toward  the  direct  signal  portion  of  the 
bank  (i.e..  differential  time  delay  decreases)  and  undergoes  a change  in  its  delay  spectrum  properties. 
The  delay  spectrum  characteristics  are  generally  noted  to  become  less  spread  (or.  in  other  words,  more 
peaked)  as  the  aircraft  altitude  decreases.  This  is  in  accord  with  expectation  and.  as  previously  noted 
when  the  aircraft  was  located  on  the  ground,  the  multipath  components  are  dispersed  to  such  a small 
extent  that  for  the  most  part  they  all  arrive  within  0. 1 /zsec  of  each  other. 


■*With  respect  to  the  direct  signal’s  time  of  arrival  and  Doppler  frequency  shift. 


Fourier  analysis  of  a time  interval  taken  at  the  end  of  the  segment  used  for  figure  7-41  reveals 
that  the  specular-point  return  is  shifted  upward  in  frequency  from  the  direct  path  return  by  34  Hz. 
This  position-differential  Doppler  is  induced  upon  the  signal  since  the  aircraft’s  separation  from  the 
specular  point  is  decreasing  whereas  its  distance  to  the  satellite  is  increasing. 


7.4  CONUS  MULTIPATH  TEST  CONCLUSIONS 

A summary  of  results  and  conclusions  for  the  CONUS  multipath  channel  characterization  test 
is  given  in  section  2.2. 
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APPENDIX  A 

EFFECTS  OF  RESOLUTION  LIMITATIONS  BECAUSE  OF  FINITE  FILTER 
BANDWIDTHS  AND  PROBER  CHIP  RATES 


riu'  Mptul  striKlurc  used  to  chuMeterize  the  surface  scatter  phenomena  is  influenced  not  only 
by  the  nudtipatfi  phenomena  but  also  by  the  eiiuipment  filters  (transmitter,  satellite  transceiver  and 
receiverl.  prober  chip  rate,  and  the  refractive  index  perturbation  of  the  earth.  Under  the  linear  system 
representation  ot  the  total  channel,  the  work  of  C'ox  ( ref  A-l ) may  be  used  to  express  the  effects  of 
the  prober  signal  and  all  system  filters  upon  the  received  signal  measurement: 


OO 

, ^ QjtTtfj^’^dT 

<oo 


4ir|Rp(0-n>hRT-R<«>l 


where 

delay  spectrum  including  all  effects 

freipjency  autocorrelation  function  associated  with  the  propagation  medium  alone 
the  correlation  function  of  the  probe  signal’s  power  spectrum  including  all  system 
filters. 

Thus  the  equipment  bandwidth  effects  upon  the  propagation  medium  measurements  appear 
as  a multiplicative  factor  in  the  fre<|uency  autocorrelation  function.  Correspondingly,  the  desired 
delay  spectrum  is  contained  within  the  output  of  the  prober  as  the  convolution  of  itself  with  the 
spectral  density  of 

One  may  ther-'ore  remove  the  elfects  tif  the  finite  equipment  bandwidth  by  dividing  the  inverse 
transform  of  OjO)  by  lR-j-_p(Si)l.  This  provides  us  with  the  channel's  |R(0.S2)|  function,  which  in 
turn  may  iie  Fourier  transibrmed  to  produce  a delay  spectra  embodying  only  the  effects  of  the 
propagation  im  Jium. 

An  estimate  of  R j was  obtained  through  inverse  F'ourier  transform  analysis  of  the 

delay-spectra  signal  captured  in  the  receiver's  direct  tap  bank.*  This  signal  traverses  the  direct  line-of- 
sight  path  from  the  aircraft  to  the  satellite  where  it  is  relayed  to  the  ground  station  receiver.  It  does 
not  include  multipath  inlluences;  however,  it  does  contain  the  effects  of  upper-troposphere  and 
ionosphere  propagation  perturbations,  which  should  be  entirely  negligible. 


T I 

R„(0.S2)  = 
Rj.f^ini  = 


* Since  the  correlator  taps  are  spaced  one  chip  width  apart,  this  estimate  is  considered  to  be  relatively 
imprecise,  especially  in  the  tails  of  the  function’s  distribution. 
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A plot  ot'the  experimentally  derived  function  (5-MHz  probe  rate)  is  given  in 

figure  A-1 . It  is  noted  that  to  close  approximation  this  i.sult  for  the  frequency  range  illustrated  is 
nearly  identical  to  that  which  would  result  from  the  prober  code  effects  alone.  Consistent  with 
expectation  we  observe  that  does  not  fall  appreciably  below  unify  for  fre<)uencies  less 

than  roughly  750  kHz.  Typically-  at  this  value  the  total  lR(0.n)|  function  is  well  below  its  maximum 
value  and  is  asymptotically  approaching  a relativity  low  level.  Thus  to  good  approximation  the  finite 
bandwidth  limitations  of  the  probing  system  should  have  negligible  effects  upon  the  bulk  of  the 
|R(0,I2)!  distribution  (i.e.,  3 dB  and  1/e  spread  measures).  On  the  other  hand,  for  frequency  separ- 
ations greater  than  roughly  I MHz,  we  expect  the  multipath  channel  lR(0,ri)|  distribution  to  be  low 
by  at  least  IW.  This  is  thought  to  be  substantiated  by  the  model  predictions  yielding  IR(0,f2)| 
functions  that  exhibit  a propensity  to  be  heavier  tailed  than  their  oceanic  experimental  counterparts. 

Since  Q(r)  and  R(0,fi)  are  Fourier  transform  pairs,  the  above  discussion  is  easily  adapted  to 
deduce  the  finite  system  bandwidth  effects  upon  the  delay-spectra  measurements.  Specifically,  one 
expects  the  multipath  spectra  to  be  less  spread  in  delay  than  the  total  measurements  imply.  In  that 
RtO.fi)  is  relatively  unmodified  over  the  bulk  of  its  distribution,  one  does  not  expect  0<r)  to  be 
greatly  perturbed  by  the  system  parameter  bandwidth  effects. 
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For  the  oceanic  results. 
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Frequency  Autocorrelation  Magnitude 


APPENDIX  B 

EFFECT  OF  GAIN  DIFFERENTIAL  BETWEEN  QUADRATURE  CHANNELS 
OF  MULTIPATH  SACP  RECEIVER 


Analysis  of  the  amplitude  statistics  associated  with  multipath-free  regions  of  the  SACP  receiver 
indicates  that  the  gains  of  the  I and  Q receiver  signal  paths  are  somewhat  unbalanced  (see  sec  5.4.1 ). 
Although  the  gain  differential  appears  to  vary  from  test  to  test,  it  is  typically  on  the  order  of  I to  2 dB. 
The  effect  of  this  on  S(t,cu)  is  illustrated  by  the  following  discussion. 

Assume  that  the  baseband  input  signal  to  the  receiver  is  given  by: 

i(t)  = e'j'*’*  ’ 


which  represents  a one-sided  spectral  distribution  with  total  energy  located  at  frequency  -w.  After 
processing  by  the  receiver,  the  output  signal  (neglecting  filter  attenuation,  etc.)  becomes: 


' = A l(t)  -I-  BQ(t) 

Oft)  • = A cos  cut  - jB  sin  cut 
^ = A L(t)  + (A-B)  sin  cut 


where: 

A = I component  channel  gain 
B = 0 component  channel  gain. 

Thus  the  gain  imbalance  effect  in  essence  translates  a portion  of  the  original  energy  located  at 
frequency  -cu  to  its  mirror  image  location  at  -tcu.  For  a 207r  voltage  gain  differential,  the  translated 
portion  is  roughly  2 1 dB  below  the  energy  remaining  at  the  proper  frequency.  Hence,  to  close  approx- 
imation the  I/Q  channel  gain  imbalance  should  have  only  a small  impact  on  S(t,cu)  parameter  esti- 
mation, A visual  indication  of  this  effect  is  given  in  figure  B-1 , where  we  have  delineated  the  (barely 
visible)  component  translated  from  the  negative-frequency  hump  of  the  S(t,cu)  distribution. 
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l yi  IPMI  NT  in K TS  ON  l)hLAY-l)OPPU.R  SPHCTRUM  ESTIMATES 
C . t . System  Description 

In  the  multipath  prober,  the  signal  consists  of  a + 180°  phase- 
modulated  sequence  with  the  phases  chosen  to  agree  with  the  sequence 
of  binary  states  of  a maximal  length  shift  register  output.  Passage 
of  this  signal  through  the  aircraft  RF  and  IF  amplifiers,  the  satel- 
lite repeater,  the  propagation  media,  and  the  ground  station  receiver 
RF  and  IF  amplifiers,  results  in  a sequence  of  linear  distortions 
which  may  be  regarded  as  being  caused  by  two  composite  channels:  an 

equipment  channel  and  a propagation  channel.  The  purpose  of  this 
Appendix  is  to  discuss  the  effects  of  the  composite  equipment  trans- 
fer function  on  measurement  of  propagation  channel  characteristics, 
and  to  predict  the  magnitude  of  equipment-induced  distortion. 

Fi,,aire  C-1  defines  the  basic  signal  processing  operations  of  the 
probing  system.  A periodic  probing  signal  with  complex  envelope  z(t) 
is  filtered  at  the  transmitter  by  IF  and  RF  filters  prior  to  trans- 
mission. All  the  filtering  operations  in  the  transmitter  are  lumped 
together  as  one  filter,  called  the  transmitter  filter,  which  has  im- 
pulse response  h^(t).  The  propagation  medium  is  represented  by  the 
complex  time-variant  impulse  response  h(t,r)  and  the  additive  noise 
by  the  complex  process  n(t).  All  the  linear  operations  in  the  satel- 
lite and  ground  station  receivers  prior  to  the  correlation  operations 
are  lumped  together  into  one  receiver  filter  with  impulse  response 
hj^(t).  The  output  of  the  filter  is  subjected  to  correlation  process- 
ing as  illustrated  in  the  figure.  Complex  notation  is  used  to  describe 
the  correlation  operation  as  a multiplication  of  the  receiver  filter 
output  by  the  complex  conjugate  of  a shifted  probing  signal,  followed 
by  a complex  lowpass  filtering  operation. 


The  impulse  response  of  Che  propagation  channel  consists  of  two 
distinct  parts:  a direct  path  and  a continuum  of  delayed  multipath 

components  grouped  together  and  well  separated  from  the  direct  path. 

The  PN-PSK  signal  received  on  the  direct  channel  is  tracked  in  delay 
and  Doppler  and  is  used  to  provide  a delay  and  Doppler  reference  in 
measuring  the  impulse  response  of  the  multipath  channel. 

The  multipath  measurement  consists  of  the  extraction  of  the  in- 
phase  and  quadrature  samples  of  the  impulse  response.  Due  to  the  time- 
variant  nature  of  the  channel,  these  samples  are  lowpass  with  bandwidth 
equal  to  the  Doppler  spread  of  the  channel  (referenced  to  the  direct 
path  Doppler  shift).  This  set  of  lowpass  functions  is  sampled  and 
multiplexed  to  prepare  it  for  analog  tape  recording. 


C.2.  Formulation  of  Prober  Output 

The  complex  representation  of  the  receiver  filter  output  in  the 
absence  of  noise  is  given  by  the  sequence  of  convolutions, 

w(t)  - z(t)  * h.j,(T)  R h(t,r) 

where  X denotes  convolution  and  z is  the  transmitted  signal.  We 
assume  that  the  time  constants  of  h.j,(  ) and  hj^(  ) are  very  much 
smaller  than  the  fading  time  constant.  In  this  case  one  may  lump 
the  transmitter  and  receiver  filters  together,  i.e., 

w(t)  ” z(t)  * e(r)  h(t,r)  , (C-2) 

where  e(  ) is  the  Impulse  response  of  a hypothetical  filter,  called 
the  "equipment"  filter, 

e(T)  - 1Vj,(t)  » , (C'-.l) 

which  represents  the  combined  filtering  operations  of  the  transmitter 
and  receiver. 


The  combination  of  the  equipment  filters  and  the  probing  signal 
may  be  regarded  as  an  equivalent  probing  signal 

y(t)  = e(t)  z(t)  , (C-4) 

so  that  (in  the  absence  of  additive  noise)  the  received  signal 

“(t)  ^ y (t  - T ) h(t  ,T  ) dr  , (C-51 

and  the  complex  lowpass  filter  input  is  given  by  the  equivalent  form 

p»(t)  - z*(t-n)w(t)  . (C-6) 


The  probing  signal  is  assumed  to  be  periodic  with  period  T. 

For  10-  and  5-MHz  chip  rates,  the  prober  performs  the  lowpass 

filterinc  operation  shown  in  Fig'ire  C-1  as  an  integrate-and-dump  over 
T 

T seconds  and  seconds,  respectively.  Using  the  second  of  these 
choices  as  an  example,  it  therefore  follows  that 

1 

2 

h(t,T?)  ~ ^ u(t'  ) dt' 

0 

1 

2 00 

“ j*  z*(t ' - T?)  y(t ' - T ) h(t  ,T  ) dr  dt ' . (C-7) 


Writing 


R(t)  - ^ z*(t)  y (t +T  ) dt  , 

0 

we  have 


h(t,n)  “ R(q  - T ) h(t  ,T  ) dr  ; 
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Figure  C-1.  Definition  of  Basic  Signal-Processing  Operation  in  Prober  System 
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i.e.,  the  measured  impulse  response  is  related  to  the  true  impulse 
response  via  a convolution  with  the  cross-correlation  function  R(t). 
This  function  is  discussed  at  greater  length  in  the  next  section. 


In  passing,  it  should 
h(t,r)  is  a time-invariant 


be  observed  that  when  the  impulse  response 
impulse , 


h(t  ,T  ) = *'(t  ) , 


(C-10) 


the  measured  quantity  fi(t,r))  is  then 

OD 

h(t  ,T?)  = R(t?  - r ) * (t  ) dr 

• oc 

= R(b)  . 


(C-11) 


This  should  be  the  situation  on  two  distinct  occasions: 

(1)  Direct  path  signals  are  correlated  by  delayed 
reference  signals,  with  the  result  available  in 
the  direct  path  taps. 

(2)  Multipath  uplook  calibration  signals.  When  the 
multipath  antenna  was  directed  upward  to  provide 
H-V  calib.  ation,  the  quantity  R(tj)  should  have 
been  present  in  the  indirect  taps. 

In  each  case  it  is  apparent  that  a sampled  form  of  RCt;)  is 
obtained . 
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C . 3«  The  Signal  Correlation  Function 

Before  the  function  R (r ) can  be  specified  in  detail,  it  is 
necessary  to  describe  the  physical  operations  performed  by  the 
probing  equipment.  Our  main  interest  centers  on  the  demodulator 
which  contains  the  most  restrictive  filters  and  performs  the  corre- 
lation function. 

Fif;ure  C-2  illustrates  the  operations  of  interest  in  block  diaerair. 
form.  The  IF  section  contains  a four-pole  Butterworth-Thorapson  filter 
centered  on  70  MHz  with  8-MHz  3-dB  bandwidth.  This  is  followed  by 
in-phase  and  quadrature  demodulation  and  lowpass  filtering  for  each 
resultant  signal.  The  lowpass  signals  are  sampled  at  a 10-MHz  rate 
regardless  of  the  chip  rate  selected,  and  the  4-bit  samples  are  then 
multiplied  by  + 1 as  determined  by  an  appropriately  delayed  PN  sequence. 
The  result  is  integrated  for  a complete  sequence  period  T , or  a sub- 
multiple of  the  period.  The  sampled  version  of  z(t)  used  in  the 
correlation  can  be  expressed  as 


for  the  5-MHz  chip  rate  (10-MHz  sampling),  and 

zO:)  ’ E -T-"^o)  ■ 

n=-«  ' ' ' 

for  the  lO-MHz  chip  rate.  In  each  instance,  Tq  represents  the  selected 
chip  duration.  Returning  to  the  expression  for  R(t),  it  is  therefore 
apparent  that 

1 

2 

R,.(t)  ” z(t')  y(t'+T)dt'.  (('  I4| 

’ b 


(-6 


The  accumulated  result  is  filtered  by  a four-pole  lowpass  digital 
filter  with  selectable  bandwidth,  and  output  samples  are  provided 
at  a rate  equal  to  twice  the  nominal  (1  dB)  filter  bandwidth  by 
downsampling  the  10-MHz  output  sample  sequence. 

For  the  purposes  of  this  analysis,  the  total  equipment  distor- 
tion will  be  separated  into  two  parts:  that  which  can  be  attributed 

to  the  IF  filter,  and  effects  due  to  the  discrete  correlation  pro- 
cessing. The  original  probing  signal  consisting  of  a periodic  se- 
quence of  N biphase-modulated  rectangular  pulses  of  duration  Tq 
seconds  therefore  appears  at  the  output  of  the  IF  filter  as 


y(t)  = e(^)  z(t  - ^ ) d^  . 


(C-I5I 


where  e(^)  is  the  impulse  response  of  the  Butterworth-Thompson 
filter  (complex  envelope). 

Using  Eqs.  (15)  and  (8),  we  have 

1 

2 “ 

R(t)=;  z(t’)  : e(0  z(t'  +T  -?)d^  dt’ 

0 -• 

1 

® 2 

~ " 6(0^"  z (t ' ) z (t ' + T - O dC  dt ' ■ (('-I  0) 

— » 0 


Therefore,  with  the  expression  for  z given  by  Eq.  (12), 


R5(r)  = 


(017) 


This  expression  applies  for  chip  rates  of  5 MHz.  Similarly,  with  a 
10-MHz  chip  rate  [from  Eq.  (13)], 

Rio(r)  = : ^ z*(^  + nTQ)z(^  + nTo+r  . (018) 

n*0 


r-8 


The  inner  summation  is  recognizable  as  being  a form  of  autocorrela- 
tion function  for  the  PN  sequence  z(t)  evaluated  at  (r  - (,)  • When 
(t  - O is  greater  than  T_,  seconds,  the  autocorrelation  function  has 
a very  low  value,  while  for  values  less  than  T^,  the  result  is  closely 
approximated  by  the  autocorrelation  properties  of  a single  rectangular 

pulse  of  duration  Tq  seconds.  Note  that  the  5-MHz  chip  rates  involve 

T 

integration  over  a half  period  — rather  than  the  full  PN  sequence 
period  T,  so  that  precise  results  cannot  be  ohtc.,ned.  With  the 
above  approximations, 

X 

R5(’‘  ) = f e(0  I ^(t  - ? ) d^ 

• X 
X 


((  l‘M 
i(  :ii) 


where  ^ and  l are  shown  in  Firaire  C-3i  i.e., 


3T, 


‘O  0 


3T, 


i-5(t  ) 


:2N 


It  < 


tio(t ) 


otherwise 


I I 

It  I < -T’ 


otherwi se. 


(C-:i ) 


(C-22) 


Note  that  the  IF  filter  has  a fixed  structure,  so  that  with  lower 
chip  rates,  the  8-MHz  3-dB  bandwidth  far  exceeds  the  bandwidth  re- 
quired to  pass  the  signal  without  distortion.  For  the  5-MHz  chip  rate 
rate,  should  therefore  be  a good  approximation  to  R^. 
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C . 4 . Delay  Power  Spectrum  Properties 

' The  results  obtained  in  the  previous  section  will  now  be  em- 

ployed to  compute  intertap  correlation  effects. 

^ The  estimated  impulse  response  in  the  absence  of  noise  is 

Mt.Tj)  = R(rj  - T ) h(t  ,T  ) dr  , (C-23j 

“ID 

and  is  available  for  discrete  values  of  r)  ■ 

If  we  assume  that  the  true  channel  is  wide  sense  stationary 
uncorrelated  scattering  with  zero  mean,  the  intertap  correlation 
can  be  established  from 

E(h(t  ,T7j^)h*(t  ,772)!  = R(t7]^  ■ T j^)R*(t72  - T2)E[h(t,T  j^)h*(t,T2)]dTj^  dT2 

= ' R(r?j^  - T )R*(tj2  - t )Q(t  ) dr  , (C-24) 

* with  the  assumption  that 

E[h(t  ,T  j^)h*(t  ,T2)1  = Q(t  - T2>  . (C-25) 

Q(t)  is  the  delay  power  spectrum  for  the  channel. 

In  the  channel  probing  equipment,  the  correlation  operations 
can  be  selected  to  occur  at  full  or  half  chip  increments  of  time; 
i.e.,  Tq  or  Tq/2.  For  the  ocean  tests  of  interest,  the  tap  spacing 
was  set  equal  to  the  chip  duration  Tq. 

The  correlation  between  taps  n and  m can,  therefore,  be  expressed 

* 

as: 

f 


C'-l  1 


I 


“ E[h(t,nTQ)h*(t,mTQ)J 


; Q(T)R(nTQ-r)R*(mTQ-T)dT  . 


At  this  point  it  is  instructive  to  compute  the  correlation  for  a 
function  Q(r)  that  is  somewhat  smoother  than  the  function  R.  Since 
R(t)  falls  off  rapidly  for  t exceeding  +0.75Tq,  the  delay  power  spec- 
trum Q(t ) only  needs  to  be  flat  over  three  taps  for  the  ensuing 
simplification  to  be  valid,  i.e., 


■^nm  ' - R(r  -nTQ>R*(T  -mXQ)dT  , (C-27) 


with  T»  representing  a nominal  value  of  t between  n T„  and  mT„.  For 


example,  without  the  IF  filter  present,  i.e.. 


0 


e(r  ) = fi(T  ) 


(C-2H) 


we  have  R(r)=i(T).  Computation  of  R above,  with  c.,  yields 

nm  5 

2 ^0 
^ -T 

nm  4 


nn  , ,,2  0 . „2_ 

4N  ~ N Tq 


for  I n - ml  = 1 . 


(C-29) 


with  R *0  for  larger  ln*m' 
nm 
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C.  5 • Doppler  Spectrum  Properties 


We  now  examine  the  influence  of  the  correlator  output  lowpass 
filters  on  the  measured  spectra.  The  digital  filters  have  adjustable 
bandwidth  for  each  choice  of  chip  rate.  Here  we  examine  only  the  con- 
figurations utilized  in  the  oceanic  and  CONUS  tests.  In  particular, 
we  analyze  the  spectral  properties  of  digital  filters  for  305-Hz 
bandwidth  in  the  normal  and  multiplexed  modes  (610  samples/second ) . 

The  chip  rates  of  interest  are  5 MHz  and  10  MHz. 

Table  C-".  indicates  the  filter  input  sample  format  and  other 
filter  parameters,  while  Table  C-2  lists  the  filter  coefficients  for 
filters  B and  C.  Each  filter  consists  of  a two-stage  four-pole 
Butterworth  -esulting  in  a 1-dB  bandwidth  of  305  Hz  when  used  with 
an  input  sample  rate  of  5 kHz  and  10  kHz,  respectively.  Note  that 
the  5-MHz  chip  rate  multiplexed  mode  results  in  alternate  samples 
that  are  set  to  zero.  It  can  be  shown  that  the  net  effect  is  that 
of  an  input  sequence  of  samples  spaced  by  204.6  ps  rather  than  409.2  us, 
i.e.,  bv  representing  the  zero  stuffed  sequence  as  the  sum  of  two 
sequences  at  the  high  rate,  one  of  which  has  alternating  positive  * 
and  negative  samples.  An  output  signal  reduction  of  6 dB  will  occur 
but  this  is  of  little  consequence  in  the  data  reduction. 


TABLE  C 1 SACP  LOW  PASS  FILTERING 


Oii» 

MH/ 

sample 

<4Mcinq, 

*Aer 

Filter 

clock 

rrfle. 

kHz 

Filter 

bandwidth, 

Hz 

Countdown 

ratio 

Filter 

type 

to 

Nofm«l 

to?  3 

to 

305 

16 

C 

to 

Muw 

704  6" 

5 

305 

8 

B 

■s 

to?  3 

to 

305 

16 

C 

5 



Muw 

204  6*' 



5 

- --I 

305 

8 

l_!_ 

*The  multiplexer  mrxle  was  used  m the  oceanic  multipath  tests  for  both  linear 
and  circular  ix)lari7ation  experiments 
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TABLE  C-2.  DIGITAL  FILTER  COEFFICIENTS 


1 St  stage 

2nd  stage 

Countdown 

ratio 

Kj 

<1 

K2 

115 

64 

loe 
■ 128 

103 

64 

84 

' 128 

16 

m 

98 

64 

91 

■ 128 

82 

64 

54 

* 128 

8 

The  digital  filters  are  implemented  in  tvo  stages,  each  according 
to  the  algorithm 


K.x  , + K,x  „ + u 
1 n-1  2 n-z  n 


1 

y “7"X  +TX  ,+7-x  „ 

■'n  4 n 2 n-1  4 n-2 . 


(C-30) 

(C-31) 


where  -i  x , '■  is  the  sequence  lx  i delayed  k clock  periods,  y is  the 
L n-k  ^ . L n^  n 

output  sample,  and  and  are  filter  coefficients. 

The  discrete  transfer  function  can  therefore  be  written  as 


F(z) 


y(z) 

u(z) 


The  response  to  a sampled  sinusoid  can  be  expressed  as 

H,(f)  “ F(z) 

^ J2*rfA 

z-e-* 


l/  1 ^ t 


(C-32) 


(C-.33) 
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It  can  then  be  shown  that 


4 ^ 

cos  ffiA 


|l  + I + 2K^  (K2  - 1 ) cos  2:?  l A ••  2 ^ <=o® 


(C-^4) 


where  \ is  the  clock,  period  for  the  filter  (102.3  or  204.6  ps).  The 
complete  filter  is  made  up  of  two  stages  with  different  values  for 
Kj^  and  K2-  Thus,  the  composite  filter  can  be  represented  by 


H(f)  = H^(f)  H2(f). 


(C-.l,-)) 


The  filtering  algorithm  produces  samples  of  the  process  of 
interest,  each  sample  spaced  by  A seconds.  To  reduce  the  burden  in 
data  recording,  these  sequences  are  downsampled  by  a factor  of  16  or 
8,  depending  on  the  mode  of  operation.  If  the  analog  waveform  s(t) 
represented  by  the  original  filter  samples  has  a spectrum  S(f),  then 
the  downsampled  sequence  will  have  a spectrum 

?(f)  = ^ S(f  + nW)  (f-3b) 

n=-® 


with 

W = output  sample  rate 
= 610  Hz. 

Of  course,  S(f)  consists  of  signal  and  noise  after  passage  through 
the  lowpass  digital  filter.  I^et  N(f)  be  the  spectrum  of  the  noise, 
G(f)  be  the  spectrum  of  the  desired  signal,  and  H(f)  be  the  filter 
transfer  function.  Then  we  have 

S(f)  » H(f)[G(f) +N(f)l 

and 

S(f)  - ^ H(f + nW)[G(f + nW)  + N(f + nW)]  . 

n*-0D 


e-15 


The  spectral  analysis  of  the  tap  samples  yields  an  estimate  of  S(f) 

W W 

over  the  range  includes  contributions  due  to  aliasing 

from  the  tails  of  S(f+nW)  for  each  n.  For  the  moment,  we  ignore  the 
effects  of  windows  used  in  the  spectrum  estimation  algorithms  and 
investigate  the  properties  of  the  power  spectrum  determined  directly 
from  S(f)  of  Eq.  (38).  The  most  straightforward  procedure  of  esti- 
mating power  spectra  involves  squaring  and  averaging.  Thus,  the 

A 

expected  value  of  the  estimate  P(f)  will  be: 


E{P(f)[ 


- Ej|s(f)|^j 

= e||^  H(f + nW)fG(f + nW) +N(f + nW)Ji 

I |n*-® 

II? 


'I 

I 

( I 2 2) 

= E H(f + nW)G(f + nw)  + ^ H(f  + nW)N(f  + nW)  | 


(C-39) 


The  last  relationship  follows  from  the  assumption  of  statistical 
independence  of  noise  and  scattered  return.  Expansion  of  each  term 
in  Eq.  (39)  yields  products  of  the  form: 


H(f  + nW)G(f  + nW)H*(f  +mW)G*(f  +mW)  , (C-40) 

It  is  readily  shown  that  the  expected  value  of  G(fj^)G*(f2)  is  zero 
for  observation  time  interval  is  long  compared  with 

the  correlation  time  of  the  equivalent  tap  process  g(t).  Thus, 

Eq.  (39)  reduces  to 


« 

If  we  denote  the  true  spectrum  by  P(f),  i.e.,  the  power  spectrum  for 

the  tap  process,  and  the  noise  power  spectrum  by  Nq,  it  is  seen  that  ‘ 

r 

* ao 

E{P(f)|  = IH(f + nW)l^P(f +nW)  + Nq 

n=-»  n*-<» 

In  the  situations  of  interest,  it  should  be  noted  that  the  filter 

2 

characteristic  H(f)^  is  only  down  1 dB  at  the  folding  frequency 

W 2 

of  Pigure  C-4  illustrates  the  characteristic  I H(f) I for  the 

5-MHz  multiplexed  mode  (filter  B)  plotted  in  dB  below  maximum  gain. 

The  resulting  average  noise  background  will  have  a shape  indicated 

in  Fi;'jjre  C-5.  which  represents  the  composite  filter  characteristic 

I |H(f  + nW)'  . Its  influence  in  shaping  the  noise  floor  can  be 

n“-» 

accounted  for  in  the  data  reduction  programs.  Shaping  of  the  true 

spectrum  P(f)  is  not  significant  since  P(f)  is  likely  to  be  contained 

2 

• within  the  1-dB  frequencies  of  lH(f)|  , thus  avoiding  aliasing 

difficulties . 

i 


•»»> 
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Figure  C-4.  Digital  Filter  B Frequency  Response  fS-MHi  Clock  Rate) 


^iHl  psjenbs  spn)|uBeui  3A)]e|ay 


«U.«.  OOVCRNMeNT  PHINTING  OFFICI:  I <7*-700-«></l  24 


300  Copies 


C-19/C-20 


